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ABSTRACT

As wide variety of devices such as optical devices, wearable devices, and color filters
have become more common, the demand for technologies which can fabricate these devices
at a low cost is at an all-time high. Photolithography is currently the most widely used
patterning technology in industries, but its resolution is physically limited by the diffraction
of light. Although there have been many technologies developed to improve the resolution
limit of photolithography, the increasing cost remains one of the biggest concerns. As another
key technology, material depositions are also an important factor in determining the
fabrication cost for nanotechnology devices. The most common technologies are vacuum
depositions, such as physical vapor deposition and chemical vapor deposition, due to their
high controllability and plainness. However, the high vacuum required for this process
increases the cost significantly, since it limits the size of substrates, takes a long time to pump,

and requires many expensive tools.

There have been many studies on alternative technologies for the main processes used
in nanotechnology fabrications, e.g., nanoimprint lithography, plasmonic lithography, and
electrochemical depositions. Despite the fact that they have some advantages in cost,
practical applications are still very limited because of their complexities. In this dissertation,
nanoimprint lithography technologies aimed at practical applications will be discussed first.

Moreover, a newly developed technique based on metal transfer assisted nanolithography

XVi



will be introduced to expand its ability to fabricate various devices on a wider choice of

materials.

As the second topic, plasmonic lithography, a super resolution optical lithography
utilizing surface plasmon polaritons excited by evanescent waves will be discussed. While
there have been many studies on plasmonic lithography to achieve sub-diffraction limit
patterns, attempts to scale up this technology for larger sizes and higher productivity have
not been well investigated, which has created a barrier in putting this technology to practical
use in mass production. In this thesis, large area plasmonic photo roller lithography by
epsilon-near-zero hyperbolic metamaterials will be introduced as a potential solution for
higher productivity. Although the experiment requires a somewhat complex fabrication
process and setup, plasmonic lithography by the 5™ order diffraction has been successfully

performed.

Lastly, electroplating and electroless plating will be discussed as low-cost material
deposition technologies. Even though these technologies have a long history and have been
used in industries for various purposes, the potential application to nanotechnology fields has
been very limited. This dissertation focuses on the optics and photonics applications of
electrochemistry, in particular, broadband light absorbers and structural colors. Electroless
plating of Pt was performed on a porous substrate to fabricate a device showing excellent
light absorptance in a wide range of wavelengths and electroplating of metals and metal
oxides was employed to fabricate Fabry-Pérot cavities to create color filters. Both

experimental and computational work are reported to characterize their performances.

XVii



CHAPTER 1
Introduction to Various Nanofabrication Technologies

1.1 Photolithography and the diffraction limit of light

Lithography technologies have been a focus of interest in the semiconductor
industry since the earliest stages. According to Moore’s Law, the minimum patternable size
has determined the number of transistors fabricated in single chip and contributed to the
improvements in the performance, energy efficiency, and fabrication cost. Photolithography
has been the most widely used technology for patterning in industry because of its high
throughput and resolution. When the line width of the transistors in microprocessors were
pum scale, the resolution limit of photolithography had room to improve since the bottle neck
of this technology was not caused by the theoretical limit of physics. In other words, the light
source used in those days, Hg lamps, had three spectral lines 436 nm (g-line), 405 nm (h-
line), and 365 nm (i-line), and the diffraction limit of those wavelengths are much smaller
than the process nodes. However, as the miniaturization of the transistors fabricated in a
single chip has advanced, the line width of the transistor has become closer to the diffraction
limit of the light source. Thereafter, new light sources with shorter wavelengths, KrF (248
nm) and ArF (193 nm), have been introduced to achieve further resolution, but the process

nodes of the transistors had soon caught up to the resolution limit.

The diffraction limit of light in photolithography can be derived by the following

method. Considering an infinitesimal dipole with frequency w in front of a lens, 2D Fourier



expansion gives the electric field

E(r,t) = Z E,(k,, ky) x exp(ik,z + ikyx + ikyy — iwt)

0,kxky

(1.1.1)

where z axis is the axis of the lens and from Maxwell’s equations, the dispersion relation of

kx, ky, and k; can be obtained.

wZ
ki+ki+k; =k* =—

c2

Thus, for small values of ky and ky,

w2 w?
— L2 2 2 2
kz_+/c2 K-k3, > I+

However, for large values of ky and ky,

w? w?
k, = +i ,k§+k§—c—, ?<k§+k§

(1.1.2)

(1.1.3)

(1.1.4)

These waves are evanescent waves decaying exponentially along the z direction. Therefore,

in the regular photolithography systems, these waves cannot be used for patterning and the

resolution can never be higher than

2T 2TC _

~ —_—

kmax w

where 4 is the wavelength of the light source.

(1.1.5)



When it comes to the device fabrication, the more important parameter is the half
pitch of the periodic pattern, which means the half feature size of the linewidth and
spacewidth. In that case, the resolution becomes the ability to distinguish the two objects that

are close together. In photolithography, the resolution limit is usually expressed as

2
A~y (1.1.6)

which is well-known as the Rayleigh criteria. Here, ki is a coefficient that depends on many
factors related to the process and NA is the numerical aperture of the projection system. NA
is also interpreted as nsin @ where n is the refractive index of the medium between the lens
and substrate, and @ is the maximal half-angle of the cone of light that can enter or exit the

lens.

There have been many technologies introduced in the industry to overcome
challenges, such as the double patterning [1,2] and immersion lithography [3,4], and then
extreme ultraviolet lithography, which employs a 13.5 nm wavelength light source, has been
put in practice recently [5,6]. However, the increasing fabrication cost due to the complexity
of the process, equipment cost, and low yield, is a significant issue as shown in Figure 1-
1 [7]. Moreover, since the applications of nanofabrication technology have broadened as
various devices such as the virtual/augmented reality [8,9], wearable electronics [10,11], and
flexible devices [12,13] become more common, technology that can fabricate these devices

at a low cost has become more important and in high-demand.
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Figure 1-1 The resolutions and capital costs of equipment for various patterning technologies,
adapted from literature [7]. Copyright (2014) Springer.

1.2 Next generation lithography technologies

To replace photolithography, there have been many studies on alternative patterning
technologies. For example, electron beam lithography has been used for long time, as it can
fabricate sub-10 nm patterns due to the extremely short wavelength of the accelerated
electrons [14]. A focused beam of electrons can draw custom patterns on an electron beam
resist, but the throughput is extremely low because it essentially draws the patterns one by
one. Thus, electron beam lithography cannot replace photolithography for the purposes of

fabrication, and low-volume production.

Nanoimprint lithography is a more promising technology in terms of both the

resolution and throughput [15-18]. When nanoimprint lithography was first performed in

H



1995, it brought a huge impact to the field with its very high resolution, showing 25 nm holes
and 30 nm lines patterning [15]. Since then, the nanoimprint lithography has been intensively
studied as one of the next generation lithography technologies. A master mold, a nano
patterned substrate used in nanoimprint lithography, plays an important role since it is the
main factor defining the minimum feature size. The master mold is pushed onto polymers
with heat and/or UV light to emboss the patterns. As a result, the reverse patterns of the
master mold are transferred onto the substrate as Figure 1-2(b) shows, and there is
theoretically no resolution limit. Sub-10 nm resolution, which is much higher than the
immersion photolithography (using the state-of-the-art photolithography technology with
ArF excimer laser) was reported even in the early stage of the nanoimprint
lithography [19,20]. While some other next-generation lithography technologies such as
electron beam lithography can have similar or even higher resolution than the nanoimprint
lithography, the biggest advantage of the nanoimprint lithography is its cost efficiency, as
master molds can be repeatedly used several times. Therefore, even if the mold fabrication
process is expensive, the overall fabrication cost for large lots will be inexpensive enough
for the mass production. Furthermore, since its ability to create patterns directly on polymer
films is more suitable for flexible optical device applications (e.g. wire grid polarizers) than
photolithography, nanoimprint lithography has already been used for a wide variety of

applications in the industry.

The first experiment using this nanoimprint lithography was thermal nanoimprint

lithography done on the PMMA layer [15-17]. Polymer materials usually have the glass
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Figure 1-2 Schematics of (a) photolithography and (b) nanoimprint lithography, adapted from
literature [17]. Copyright (1996) AIP Publishing.

transition temperatures where they become soft enough to be imprinted by a patterned mold,
and once they are cooled, the patterned polymers become hard enough again to keep the
patterns. While thermal nanoimprint lithography has the advantage of being compatible with
most polymers, there are several disadvantages, including a long processing time, thermal

shrinkage, and the heat tolerance of the master mold which must be considered.

Soon after the first thermal nanoimprint was reported, UV nanoimprint lithography
was also performed by J. Haisma et al [21]. While UV nanoimprint lithography limits the
usable materials to UV curable polymers, it has advantages in the pattern fidelity,
productivity, and the choice of master molds. Although there is still shrinkage as a result of
the UV curing of polymers, it is typically smaller than the thermal shrinkage, and the UV
curing time to fully crosslink the resin is also shorter than the heating/cooling process in
thermal nanoimprint lithography. Furthermore, the master mold can be less heat tolerant

since the process does not require a high temperature. Therefore, depending on the



applications and requirements, the more appropriate technology should be chosen from either

thermal nanoimprint lithography or UV nanoimprint lithography.

In parallel with achieving very high resolutions, many studies have also been focused
on improving the productivity and patterning area size. In the early stage, a step-and-repeat
process was employed for nanoimprint lithography as it was used for photolithography
too [22]. Then later, the first experiment on roll-to-roll nanoimprint lithography, which is
capable of continuous patterning using a flexible nanoimprint mold wrapped on a roller
system, was reported [23-25]. It brought a significant impact to the field of nanoimprint
lithography because it enabled patterning in a large area with higher productivity [26,27].
This technology has opened up a whole new world of applications, e.g., moth-eye films [28],
wire grid polarizers [24], and so on, owed to its excellent cost efficiency in producing such
structures directly on polymer films. These technologies play a key role in the display
industry, virtual reality industry, and augmented reality industry which has been growing
rapidly recent years. In this thesis we report on both conventional nanoimprint lithography
for specific applications, as well as a new soft lithography technique based on nanoimprint

lithography which extends the potential applications of soft lithography.

Soft lithography technologies, which sometimes include nanoimprint lithography, are
not limited to embossing patterns on a substrate but also can transfer patterns and replicate
structures [29-32]. For example, when polydimethylsiloxane (PDMS) is poured into a
nanoimprint mold and cured, a PDMS stamp with the reverse patterns of the master mold can

be easily obtained. The master mold can be used repeatedly in this technique, further



Figure 1-3 SEM images of the transferred metal gratings, etched PMMA layer, and deposited
another metal through the pattern. (a) A tilted view and (b) top view of the transferred
gratings. (c) A cross-sectional image of the etched PMMA layer. (d) The deposited metal
gratings through the PMMA pattern. Adapted from literature [31]. Copyright (2008) AIP
Publishing.

contributing to the cost efficiency. As a pattern transfer technology, Figure 1-3 shows metal
transfer assisted nanolithography reported in 2008 [31]. Thin metal films were deposited on
a PDMS stamp fabricated by the process above, and it was used for selective pattern transfer
only where the structures were in contact with the Polymethyl Methacrylate (PMMA) coated
substrate. This technique enables not only pattern transferring but also the shadow pattern
fabrication using metal transfer films as the etching mask in the subsequent process.
Therefore, soft lithography technologies have a wide variety of applications for both solid
and flexible devices. However, the compatible materials in metal transfer assisted

nanolithography is very limited because of the process conditions: a high temperature (115

°C) and insufficient surface energy of PMMA.



Though based on optical lithography technology, overcoming the diffraction limit of
light by utilizing near-field light has also been well studied recent years [33—-36]. In a regular
system, the near-field light decays very fast and cannot transfer the information [37].
However, under certain conditions, e.g. periodic metal structures or metamaterials, it can be
coupled with surface plasmon polaritons [38] and can propagate in the photomask to expose
photoresist. This technology is called plasmonic lithography because it utilizes plasmon. The
biggest advantage of this technology is that a similar optical system used in photolithography
can be employed, while the resolution can go beyond the diffraction limit of light. However,
as described above, since the near-field light cannot propagate deeply in a regular medium,
the experimental results reported in the early stage showed only shallow photoresist patterns,
i.e., low aspect ratios as seen in Figure 1-4 [33]. In recent studies, the ability to pattern high
aspect ratio structures have been reported by using a thin Al layer as a spatial frequency filter
and creating a Fabry-Pérot cavity in the photoresist layer [39,40]. This is done by
sandwiching it with another substrate coated with Al/Al>Os. Although the wavelength of the
light source is 405 nm, the resolved patterns in the photoresist layer have a period of 122.5
nm, and they are high enough for subsequent processes such as dry etching or material

deposition.

Thereafter, advanced work on plasmonic lithography using epsilon-near-zero
hyperbolic metamaterials (ENZ HMMs) to achieve the further reduced periodicity from the
photomask level to the photoresist level has been reported [40-42]. The ENZ HMM used
here works in a similar way as the previous one, but only passes the 3™ order of diffractions,

which gives the 1/6 period from the photomask grating period. Therefore, even though the
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Figure 1-4 A schematic of plasmonic lithography and AFM measurements on the resolved
grating patterns. It is shallow but the sub-diffraction limit patterns were resolved, adapted
from literature [33]. Copyright (2005) Science.

Al gratings on the photomask have the period of 700 nm, the resulting photoresist patterns
have 117 nm in period. This is also promising as a low-cost mass production
technology,especially for optical applications such as wire grid polarizers since it is suitable
for periodic pattern fabrications. However, the scaling up of this technology to a large area
is challenging because of the complexity of the photomask. This is the main reason that most

experimental work of plasmonic lithography has performed well only in a small area.

Another attempt to increase the throughput of plasmonic lithography as well as
thepatternable size has been performed in our previous work by combining the plasmonic
lithography technology with a photo roller system [43], which enables continuous patterning
when a flexible photomask is employed. Although this work has shown potential for this

technology to be used for large areas and continuous lithography, the photomask size is still
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not large enough since electron beam lithography was used for the grating fabrication of the
photomask. Moreover, the requirements of flexibility and transparency for the substrate
makes photomask fabrication very challenging, and only simple plasmonic lithography
utilizing the 1% order diffraction has been performed. The expected next step is for plasmonic
photo roller lithography to utilize an ENZ HMM photomask to realize a large area of

continuous patterning while maintaining the resolution sub-diffraction limit.

Many alternative patterning technologies are still developing but appear promising
for low-cost fabrications. Since the required patterns and characteristics for current
nanotechnology devices vary depending on the application, it is expected that a suitable
process is chosen for each device fabrication. Further development of these technologies

remains in high demand.
1.3 Material deposition technologies

Material deposition technologies are also significant for the device fabrications in
nanotechnology to give function to devices, and it is one of the key factors in determining
the fabrication cost. The most common process in the industry is vacuum deposition because
of its wide material compatibility, high accuracy in thickness control, and quality of the
deposited films. However, the vacuum process requires high vacuum in a chamber, which
restricts the substrate size and takes time to pump down. This usually increases the fabrication
cost. Therefore, low-cost material deposition technologies have attracted a great deal of
attention in recent years, especially for applications such as broadband light absorbers [44—

46] and structural colors [47,48], in which fabrication cost plays an especially large role.
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One of the common processes for material deposition is physical vapor deposition
(PVD), which produces a vapor phase of materials to deposit on the target substrate. Electron
beam or thermal evaporations are widely used in both industry and research because of its
broad material compatibility covering many metal oxides and alloys as well as metals. A
source material is put in a crucible made from Al2Os, Molybdenum, or Tungsten, and Joule
heat or an electron beam is applied to evaporate the source. The evaporated material is
condensed on the workpiece to form a thin film as Figure 1-5(a) shows. Because of this
principle, the deposition occurs vertically, which means the structure shapes on the substrate
will remain after the process. Moreover, a wide variety of substrates can be used as a

workpiece including polymers, since the process temperature in the chamber is not too high.

As another common PVD process, sputtering is often used but has different
characteristics. In sputtering, several hundreds of volts are applied between the two
electrodes: a workpiece and target (i.e. the material to be evaporated) in an inertial
atmosphere (e.g. Argon). As a result, the created glow plasma discharge bombards the target
material and generates a vapor phase. Since the bombarded atoms or molecules fly to the
workpiece at random angles, the material deposition occurs conformally on the surface as
shown in Figure 1-5(b). Therefore, sputtering is more suitable for uniform depositions in a
large area compared to electron beam or thermal evaporations. However, owing to its
mechanism, the conductivity of the target is important, and it is difficult to deposit non-

conductive materials such as metal oxides or highly pure semiconductors at a high deposition

rate.
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Figure 1-5 Schematics of (a) electron beam deposition and (b) sputtering.

Chemical vapor deposition (CVD) is also a major process used in the semiconductor
industry to deposit various thin films. In this process, a substrate is exposed to
volatileprecursors that react or decompose on the substrate surface, and as a result, a thin film
of the desired material is created. CVD typically does not require as high of a vacuum as
PVD, yet it has comparably high deposition rates. Moreover, by choosing a suitable substrate
and chemicals, selective deposition on the substrate is also possible. However, since CVD
generally requires a high temperature (e.g. 600-1100 °C), the substrate choice is limited.
Atomic layer deposition (ALD), which is similar technology with CVD, can deposit materials
with one atomic layer at a single cycle. This high level of controllability contributes to more
uniform coatings and higher accuracy, but the low deposition rate and high process

temperature results in greater fabrication costs and a limited material choice.

Aside from vacuum processes, wet chemical processes also have a long-standing

history, and have been used for many applications. Two major electrochemical depositions,
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electroplating and electroless plating, are typically employed depending on the application
and substrate properties. In electroplating, the applied voltage between two electrodes drive
the reduction of metal ions to pure metals. Because of this mechanism, electroplating requires
conductive substrates, and the current flow in the solution dominates the characteristic of the
material deposition, resulting in directional deposition much like thermal evaporation.
However, by bubbling gasses in the solution (e.g., O2) metal oxides can also be
deposited [49-51]. Although metal oxides are generally non-conductive materials, and only
a very thin film is electroplatable due to the thick film insulating the current flow, some metal
oxides such as ZnO or SnO show high conductivity and can be deposited much thicker.
Therefore, by choosing suitable materials, electroplating can be employed for many optical

applications like structural colors and photonic crystals while contributing to cost reduction.

On the other hand, in electroless plating, catalytic materials such as Palladium (Pd)
coated on the substrate reduces metal ions to pure metals. Since electroless plating occurs
where the catalytic materials are, it can produce a conformal deposition like sputtering when
the substrate is uniformly coated with the catalyst as shown in Figure 1-6(b), and the
conductivity of the substrate is not necessary. The most important process for electroless
plating is coating substrates with catalytic materials. If a vacuum deposition is employed for
it, the biggest advantage of electroless plating, i.e. a low-cost wet chemical process, cannot
be well utilized. A recent study by S. Horiuchi and Y. Nakao has reported a universal process
for Pd colloid deposition on a wide variety of materials using a cationic surfactant and
negatively charged colloidal particles [52]. Since the Pd colloid can catalyze various metals

such as Cu, Au, and Pt, this technology enables low-cost fabrication for many applications.
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Figure 1-6 A schematic of (a) electroplating, adapted from literature [47]. Copyright (2019)
ACS. (b) A schematic of electroless plating.

Because of the various characteristics of each technology, appropriate processes need to be
chosen depending on the application to ensure the cost reduction of the fabrication process.
Therefore, studies on not only the processes themselves, but also on the appropriate

applications are highly valuable and sought-after.
1.4 Dissertation overview

This dissertation will mainly discuss the three technologies introduced above: soft
lithography, plasmonic lithography, and electrochemical deposition. In addition to
introducing new materials in both thermal and UV nanoimprint lithography, a newly
developed technigue based on metal transfer assisted nanolithography will be reported in
Chapter 2. Based on our previous work with plasmonic lithography, the advanced process
using a flexible photomask with ENZ HMMs for large are patterning will be shown in
Chapter 3. Chapter 4 introduces electroplating and electroless plating with optics/photonics
applications and discusses the device performance both computationally and experimentally.

Chapter 5 summarizes achievements.
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CHAPTER 2

Soft Lithography: Thermal/UV Nanoimprint Lithography
and Metal Transfer Assisted Nanolithography

2.1 Thermal and UV nanoimprint lithography

2.1.1 Overview of the mold fabrications by thermal nanoimprint on fluorocarbon

polymer films for the fast roll-to-roll nanoimprint lithography

Roll-to-roll nanoimprint lithography has a great advantage in that the nanopatterning
can be performed continuously, which contributes to the high throughput and patterning in a
large area. However, some requirements for the roll-to-roll nanoimprint molds make the mold
fabrications difficult and challenging, such as flexibility, transparency, and low surface
energy of the mold material. Since the nanoimprint mold is wrapped on a roller in the roll-
to-roll nanoimprint, it needs to be made by flexible materials, which are typically polymer
films or soft and thin metal films (e.g., Ni.) [53-55] When the UV nanoimprint is employed
in the roll-to-roll system, either the master mold or the substrate should be transparent so that
the UV light can cure the UV curable resin sandwiched by the master mold and substrate.
The surface energy of the master mold material also plays an important role because low
surface energy can lead to easy demolding after imprinting, and results in a longer master
mold lifetime, fewer defects, and faster roll-to-roll imprinting [56]. In terms of the fabrication
cost and difficulty of the fabrication processes, polymer films are often used as the master
mold materials. However, since UV curable materials are also polymers, they typically have

strong adhesions with each other and increase the demolding force. In order to solve this
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issue, Fluorocarbon-based polymers are great candidates among polymers, and they have
high mechanical strength as well as low surface energy [57]. However, it also makes the mold
fabrication somewhat difficult. In this study, two different fluorocarbon-based polymer films,
Ethylene-tetrafluoroethylene (ETFE : ETFE-E2, Saint Gobain) and Fluorinated ethylene

propylene resin (FEP-FG, Saint Gobain) were employed for the mold fabrications [58,59].
2.1.2 Experimental procedure

As the thermal imprinting molds, two different molds were used: a SiO2 master mold
having gratings with the period of about 550 nm and the depth of about 180 nm with
triangular shapes provided by our collaborator and a Si master mold fabricated by
photolithography and dry etching. The fabrication process of the Si master is as follows. The
starting substrate was 4" p-type Si (001) wafer. Hexamethyldisilazane (HMDS) was coated
on the Si wafer by vapor prime in an oven (YES-310TA (E) : Yield Engineering System).
Then a photoresist (Megaposit SPR955 : MicroChem) was spun with the thickness of 0.97
um followed by a soft bake for 90 seconds at 100 °C on a hotplate. Grating patterns with the
period of 1.28 um and the duty cycle of 0.5 were exposed by a stepper (GCA AS200
AutoStep) with a dose of 150 mJ/cm? in a 2"x2" area and post baked for 90s at 110 °C. The
exposed photoresist was developed by AZ 726 MIF twice for 25 seconds each. The exposed
Si surface was dry etched by reactive ion etching (LAM 9400) with 100 sccm of HBr, 100
sccm of He, and 600 W at 30 mTorr for 90 seconds which resulted in 240 nm deep trenches
with the smooth and vertical sidewalls. The residual photoresist was removed by O plasma

treatment by YES-CV200RFS(E) (Yield Engineering System) with 80 sccm of Oz and 800
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W at 150 °C for 360 seconds. Both master molds were coated with a release agent using

Trichloro(octadecyl)silane (OTS) by the silane coupling.

Thermal nanoimprinting was performed by using a hydraulic press tool (Atlas
Manual Hydraulic Press 15T GS15011 : Specac) as shown in Figure 2-1. The experimental
process is shown in Fig. 2-2. A conformal contact of the master mold to the polymer film is
important for thermal nanoimprint to transfer patterns uniformly. Therefore, a silicone rubber
sheet and a piece of cleanroom paper were placed on the bottom and top platens respectively.
A glass substrate was placed on the rubber sheet to make a flat bottom sandwiching a polymer
film by the Si master mold. The top platen was in contact with the cleanroom paper at 180 °C
and then the temperature and the pressure were increased to the designated ones. After
keeping the temperature and pressure for the designated time, the temperature decreased and
the pressure was released at 150 °C. Finally, the demolding of the Si master from the polymer
film was done at room temperature. The imprinted polymer films were characterized by the

atomic force microscopy (AFM, Dimension ICON AFM : Bruker).

Figure 2-1 A hydraulic manual press tool used for thermal nanoimprint lithography.
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Figure 2-2 Schematics of the thermal nanoimprinting on fluorocarbon-based polymer films.

2.1.3 Results and discussions

The conditions of thermal nanoimprint are shown as Table 2-1 and corresponding
AFM images are shown in Figure 2-3. According to the results, there are different optimal
nanoimprint conditions for each of ETFE-E2 and FEP-FG films. Since the AFM image of
Sample 1 shows no roughness, it is suitable for the following roll-to-roll process. However,
as the AFM image of Sample 2 shows, the imprinted ETFE-E2 film under the same condition
as Sample 1 has the small roughness on the entire top surface. This roughness was
successfully improved by increasing the imprinting temperature and time to 240 °C and 30
minutes respectively. Here, it should be noted that the anti-sticking coating by OTS is very
important to reduce the surface roughness, as can be seen by comparing Sample 3 with
Sample 4. In addition, even if the imprinting time is 30 minutes, ETFE-E2 films are likely to
have the surface roughness at the imprinting temperature of 220 °C. The roughness observed

in Sample 8 was not due to inappropriate conditions, but instead due to the unclean surface
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Table 2-1 The experimental conditions of the thermal nanoimprint lithography.

Sample  Master Eilm Temperature Pressure Time Surface
No. mold (°C) (psi) (min) smoothness
Sample 1 SiO2 FEP-FG 220 660 O O
Sample 2 SiO; ETFE-E2 220 660 O X
Sample 3 SiO2 ETFE-E2 240 660 30 x X
Sample 4 SiO2 ETFE-E2 240 660 30 O O
Sample 5 Si FEP-FG 220 660 30 O O
Sample 6 Si FEP-FG 240 660 30 O O
Sample 7 Si ETFE-E2 220 660 30 O A
Sample 8 Si ETFE-E2 240 660 30 O O

of the Si master as a result of many nanoimprints.

In order to characterize the topology of an embossed polymer layer in thermal
nanoimprint lithography, let us adopt a Kelvin-Voigt linear elastic model where a purely
elastic spring and purely viscous damper are connected in parallel as Figure 2-4 shows. E
and » are the modulus and the viscosity of the polymer respectively. Provided that the
polymer is linearly viscoelastic, from a point-loaded linear-elastic half-space [60], the surface

position of the polymer can be written as

—(1-v3) <1 — e__TEt>

mE\/x% + y?

s(x,y,t) = (2.1.1)

where v is Poisson’s ratio. Here, since E and # are both functions of the temperature T, let us
simplify them by the same approximation with the reference [61] by E. Arruda et al., and

Williams-Landel-Ferry equation respectively,
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Figure 2-3 AFM images of the imprinted samples 1-8.
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Figure 2-4 A schematic representation of Kelvin-Voigt model.

T—T,
— ) (2.1.2)

E(T) =05(E; + E,) — 0.5(E, — E;) tanh(

(2.1.3)

—c(T - Tg))

T) =
n(T) erXP<C2+T_Tg

wherein Eg and E; are the elastic moduli at well below and well above the glass transition
temperature, and AT, c1, and c2 are material constants. There is a study on the topography of
an embossed polymer film in thermal nanoimprint lithography both experimentally and
computationally based on these equations [62]. The study has shown a drastic difference in
the filling of cavities with the imprinted polymer only by the imprinting time change from 2
minutes to 30 minutes as shown in Figure 2-5. These results are in agreement with our
experimental results which showed that the longer imprint time improved the surface

roughness of the imprinted polymer.

Table 2-2 shows a comparison of the material properties of two polymer films
employed in this study. Although these two films have almost the same melting points around

250-270°C, their mechanical properties are quite different. Specifically, the tensile modulus
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Figure 2-5 An example of experimental and computational results of embossed topographies
in thermal nanoimprint lithography with various conditions, adapted from literature [62].

Table 2-2 Material properties of ETFE-E2 and FEP-PG films.

. . Value .
Material properties Units
ETFE-E2 FEP-PG
Tensile strength @Break (RT) 48 24 Mpa
Elongation @Break (RT) 400 300 %
Tensile modulus 1100 480 MPa
Melt Point 250-270 252-282 °C

Material properties are obtained from the reference [58,59].
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of ETFE-E2 is about 2.3 times higher than that of FEP-PG at the room temperature. As can
be seen from equation (2.1.1), the higher the tensile modulus becomes, the slower the surface
position of the polymer becomes. This is thought to be the reason that a 5-minute imprint
time was enough to remove the surface roughness for FEP-PG films, while the longer imprint

time was required for ETFE-E2 films.

2.1.4 Overview of the UV nanoimprint lithography for photo collector device replication

As an alternative to fossil fuels, there is a huge demand for utilizing renewable
energies. Solar energy is a particularly promising resource among them, and there have been
many studies to reduce the fabrication costs and increase their efficiency for
photovoltaics [63,64]. However, the current photovoltaics technology requires more
improvements to its battery energy storage system. On the other hand, the energy harvested
from solar thermal energy has an advantage in that the energy storage technology is less
expensive, and the energy is accessible from day to night and year around [65,66]. To

maximize the efficiency, concentrated solar power technologies such as a planar focusing

(a) (b)

Figure 2-6 (a) A simple planar focusing collector and (b) a complicated one, adapted from
literature [67]. Copyrights (2018) ACS.
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collector have been employed [67], and there is a huge demand to fabricate such structures
at a low cost for the sake of commercialization competing with fossil fuel energy.
Nanoimprint lithography is one of the most promising methods to achieve this, due to the

scalability and cost efficiency.

Simple structures such as the planar focusing collector shown as Figure 2-6 (a) are
easily replicated by the nanoimprint lithography, and we employed high modulus PDMS for
fabricating a replica mold and Silsesquioxane (SSQ) for another replication [68]. However,
there are still several points to be improved. First, the high modulus PDMS itself is not
mechanically strong enough to stand without a supporting substrate. Therefore, it is required
to spincoat a thin layer on the master mold, resulting in a waste of the high modulus PDMS
dropped on it, and a regular PDMS is typically employed to support the thin high modulus
PDMS layer because of their affinity. This process makes the curing time very long (~1h).
Second, the high modulus PDMS needs to be synthesized right before the spincoating since
they start curing right after they are mixed. Lastly, replicating high aspect ratio structures
with microns to sib-micron width patterns often results in some defects or fillings in the
patterns because of the insufficient ability to replicate such structures. In one recent study, a
new design with higher efficiency such as Figure 2-6 (b) has been suggested [67], and it
consists of more complicated patterns with higher aspect ratios than the old one, which makes

replication very difficult.

2.1.5 Replication of very fine structures by Polyurethane Acrylate

Replication of fine structures, particularly high aspect ratio structures, is one of the
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most challenging processes in nanoimprint lithography because of its fragility and difficulty
in demolding. The requirements for UV resins in those applications are high mechanical
strength, low viscosity which enables high-fidelity replications, and moderately low surface
energy that allows for easy demolding while maintaining the sufficient adhesion to the
substrate. Here, a UV curable resin, Polyurethane Acrylate (PUA : PUM311, MCNET Co.,
Ltd) was employed to overcome the challenges of replicating high aspect ratio structures with

a small feature size [69,70].

The chemical structure of PUA and reaction scheme is shown in Figure 2-7 [71]. The
most unique characteristic of PUA is the ability of the self-replication, that is, PUA can be
used as both the master mold and nanoimprint resist at the same time. When typical UV
curable resins are used in this way, they crosslink with each other and cannot be separated
after the UV curing. However, if PUA is used as the master mold material and overcured
before another UV nanoimprint lithography, PUA can also be used as the UV nanoimprint
resist and easily separated even after the UV curing. This is because overcuring can remove
trapped polymer radicals and remaining unsaturated acrylate [71]. This characteristic is very
helpful for various applications, since replications of either of the original pattern of the
master mold or the reverse pattern are possible by the same material, which easily enables
the 2" replica fabrication. The concentrating solar power device to be replicated here is a
metasurface planar focusing collector design as shown in Figure 2-6(b). Since it was
fabricated by the two-photon lithography, it is not suitable for mass production and the
motivation to apply the nanoimprint lithography. The experimental flow of the PUA

replication is shown in Figure 2-8. This process is much simpler than the one previously used
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Figure 2-7 The chemical structures of the PUA and photoinitiator, and the curing reactions
by UV exposure, adapted from literature [71]. Copyright (2004) ACS.
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Figure 2-8 A replication process flow for the metasurface planar focusing collector by PUA.

by high modulus PMDS and the processing time could be a few minutes when a comparably
strong UV light is used for curing. SEM images of the replicated patterns by both methods
using high modulus PDMS and PUA are shown in Figure 2-9. The one fabricated by PUA
shows no defects or fillings between the structures, and the replication fidelity is very high
even for the high aspect ratio structures. This work has been published as part of the

reference [67].
2.2 Metal transfer assisted nanolithography
2.2.1 Metal transfer assisted nanolithography by PMMA and Au/Ti films

Soft lithography technologies are not limited to imprint patterns but can also transfer
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Figure 2-9 The replicated metasurface planar focusing collectors (a) and (b) by high modulus
PDMS and (c) by PUA. (a) The structures were partially destroyed because of the fragility
of high modulus PDMS. (b) Fillings between the structures were observed because of the
low fidelity of the replication. (c) The PUA replica shows no destruction or fillings and (d)
the cross-sectional image shows high-fidelity replication even for the high aspect ratio
structures.

patterns from the master mold to the substrate. Metal transfer-assisted nanolithography has
been reported for the first time in 2008 [31] and it shows that it is capable of making
nanopatterns on various kinds of substrates, uniformly, in a large area without employing any
complicated processes. The experimental procedure of metal transfer assisted
nanolithography is shown in Fig. 2-10. The principle of metal transfer assisted
nanolithography is simply based on the difference in the surface energies of the stamp and

substrate, PDMS and PMMA respectively in the first report. The processing temperature that
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is slightly higher than the glass transition temperature of PMMA also contributes to the
pattern transfer by creating a conformal contact at the interface. However, since this
technique uses PMMA as the intermediate polymer layer, the process temperature must be
over 100 C°, which is the glass transition temperature of PMMA. This limits the compatibility
of the materials for the substrate, especially when polymer films are employed. Moreover,
because of the small difference in the surface energy between PDMS and PMMA, the choices
of the metal films are also limited to Au/Ti. In order to improve these aspects, the extended

process of metal transfer assisted nanolithography using UV curable polymers is discussed.

2.2.2 Theoretical study on transfer printing technologies

As represented by template stripping, reported for the first time in 1993 [72], transfer
printing technologies have attracted a lot of attention, and their importance has been

increasing with emerging demands for flexible electronics [73-76]. Feng et al., has studied
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Figure 2-10 Schematics of metal transfer-assisted nanolithography using PMMA, adapted
from literature [31]. Copyright (2008) AIP Publishing.
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the mechanism of transfer printing and characterized the conditions for the pick-up and
printing process [77]. Figure 2-11 (a) shows a schematic of the peel test. F represents a peel
force, v is a steady-state speed when the stamp is peeled off from the substrate, and G is the

energy release rate expressed by

G =

S e

(2.2.1)

where w is the width of the stamp. This parameter G accounts for both the energy of
interfacial bond breaking and viscoelastic dissipation around the crack tip. The important
parameter for transfer printing is the critical energy release rate where the crack propagates
steadily. Considering the critical energy release rates at the two interfaces as Figure 2-11 (b)
and (c), pick-up and printing processes can be modeled. Here, the critical energy release rates

at the two interfaces of the stamp and film, and the film and substrate are represented by

stamp/film film/substrate
Gcrit and Gcrit

respectively. When the energy release rate reaches

G film/substrate
crit

pick-up occurs, and printing does so when it reaches GS2™P/f™ 3,y It should

crit

be clarified that the critical energy release rate at the interface of the stamp and film is a

(a) ]F (b)

Substrate

Pick up Printing

Figure 2-11 Schematics of (a) the peel test, (b) pick-up, and (c) printing in transfer printing.
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function of the peeling speed since the energy dissipation in the viscoelastic stamp increases
with the peeling speed. Therefore, the conditions for the two different phenomena, pick-up

and printing, can be expressed by the following equations,

Ggirlirtn/substrate < Gcs;c{atmp/film(v) for pickup (2'2'2)
Ggirlirtn/substrate > Gcs;c{atmp/film(v) for printing (2'2'3)

and these are shown in Figure 2-12.

When this theory for transfer printing is applied to metal transfer assisted
nanolithography, only the printing condition is our best interest since the film is directly

deposited on the stamp by thermal evaporation. For the best result, the condition where

G film/substrate
crit

stamp/film
crit

is much higher than G (v) is preferred. As described in equation

(2.2.1), when the width becomes smaller, the critical energy release rate becomes larger.

Therefore, however large the peeling speed is, printing will be dominant. Lowering the

(a) (b)

G Strong film/substrate interface G )
stamp/film
Gcr'it (V)

Narrow pattern

fil bsrate .
Gy / Wide pattern

Weak film/substrate interface G,

Gmmtsubslrale — m
erit ‘Printing

¢ max c

Figure 2-12 (a) Schematic diagram for pick-up and printing conditions in transfer printing,
adapted from literature [77]. Copyright (2007) ACS. (b) Two difference cases where the
transferred pattern width is narrow and wide.
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peeling speed is easy to implement, so this process tends to be successful. According to the
reference [31], metal gratings with a line width of 200 nm were successfully transferred on a
PMMA layer. However, it was very difficult to transfer 650 nm wide metal gratings with the

same conditions on a PMMA layer without any defects as shown in Figure 2-13. This result

can be explained in terms of the difference in G/ /""" for different width as Figure 2-
12 (b) shows. From the next section, a modified process to improve this challenge will be

introduced.

2.2.3 Metal transfer assisted nanolithography by SU-8

SU-8 is known as an i-line negative photoresist and usually used for device
applications where the photoresist stays permanently as a part of the device, e.g., micro

electromechanical systems. However, we found out that when SU-8 is employed at the

Figure 2-13 A picture of transferred metal gratings with 650 nm line width on a PMMA layer
coated on a Cyclic Olefin Copolymer film.
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intermediate layer in the metal transfer assisted nanolithography, it can improve the
uniformity of the transferred patterns as well as expand the compatibility of the materials for
the substrate and transferred films. Since SU-8 cannot be lifted off easily, this process is
basically for applications where the SU-8 layer will be incorporated as a part of the device
unlike the original metal transfer assisted nanolithography. However, due to the wider

material compatibility, this technology can be used to fabricate flexible devices at a low cost.

2.2.3.1 Experimental procedure

A schematic of the experimental flow is shown in Figure 2-14. The Si master mold
used for replicating PDMS stamps here was fabricated in the same way described in section
2.1. The period of the mold is 1.3 pum with the duty cycle of 0.5, and the grating height is
about 600 nm. First, PDMS (Sylgard 184 : Dow) was prepared by mixing the two parts with
a ratio of 10:1 and poured onto the Si master mold. Then it was put in a desiccator and
pumped down for 30 minutes to remove bubbles trapped in the PDMS. Finally, the PDMS
was cured on a hotplate at 80 C° for 2 h and delaminated from the Si master mold. Metal
films which would be transferred by the metal transfer assisted nanolithography were
deposited on the PDMS stamps by electron beam evaporation in the evaporator (Angstrom
Engineering Inc.). Not only Au/Ti with 10 nm/5 nm films but also 30 nm of an Al film were
chosen, which is impossible to transfer by the metal transfer assisted nanolithography by
PMMA. SU-8 with various solid concentrations were prepared by diluting SU-8 2005 with
Cyclopentanone aiming for spincoating various thicknesses of SU-8. Those SU-8 were spun

on a PET film fixed on a Si wafer and metal transfer assisted nanolithography was performed

34



L 4 L 4

PDMS
Si PET PET
PDMS replication Spincoat SU-8 Transfer
PDMS PDMS
et s
Metal deposition PET

UV + Thermal Imprint
at 95°C for 15 sec

Figure 2-14 A schematic of the experimental flow for metal transfer assisted nanolithography
by SU-8.
by the nanoimprinter (NX-2000 : Nanonex) with 15 psi for 15 seconds at 95°C. Then, the

transferred patterns were characterized by SEM and AFM.
2.2.3.2 Results and discussions

Figure 2-15 shows the cross-sectional SEM images of the transferred Al gratings for
three different thicknesses of the spincoated SU-8, 5 um, 160 nm, and 40 nm. In the case that
the SU-8 layer was thick enough, it was nanoimprinted by the PDMS stamp even with as low
as 15 psi and for as short as 15 seconds. As a result, the SU-8 layer made conformal contact
on the both top and bottom metal films deposited on the PDMS stamp, and they were
transferred onto the SU-8 layer as Figure 2-15 (a) shows. This could be a useful technique to
transfer the devices fabricated on a PDMS stamp to any substrates at a low cost since the

PDMS stamp can be reused many times. However, unlike the original metal transfer assisted
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nanolithography with PMMA, it cannot selectively transfer the films on the top of the patterns.
Then, it is found that decreasing the spincoated SU-8 thickness resulted in different scenarios.
When the SU-8 thickness was 160 nm, which is much smaller than the stamp height, the SU-
8 layer was still imprinted, but not high enough to contact the bottom of the PDMS stamp.
Thus, the metal films on the bottom of the PDMS stamp were not transferred to the substrate.
In an extreme case where the SU-8 thickness was 40 nm, deformation of the SU-8 layer did
not occur, but the metal films on the top of the PDMS stamp were successfully transferred to
the substrate. This result is similar to when PMMA is employed. Figure 2-16 shows the

transferred Al gratings on the 40 nm SU-8 layer with high fidelity.

These results could be interpreted by relating to the residual layer in nanoimprint
lithography. It is known in nanoimprint lithography that the master mold does not extrude
the nanoimprint resist until it reaches the substrate surface, even though the resist thickness
is smaller than the master mold’s height, i.¢c., there is a residual layer left on the substrate [78].

Lee and Jung have investigated the residual layer thickness in UV nanoimprint lithography

with different imprint pressures [79]. According to their results, UV curable resist can be

‘ -

Figure 2-15 SEM images of the results of metal transfer assisted nanolithography with SU-8
with the SU-8 thickness of (a) 5um, (b) 160 nm, and (c) 40 nm.
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Figure 2-16 SEM images of the transferred Al gratings on the 40 nm thick SU-8 layer. (a) A
cross-sectional image and (b) top view.

imprinted only by the vacuum suction, with no pressurization, and the higher the imprint
pressure gets, the smaller the residual layer thickness becomes. This also supports the
experimental results shown here, and 40 nm SU-8 is thought to be less than the residual layer

thickness for the imprinting pressure of 15 psi.

Next, the surface morphology of the transferred metal films was also characterized
by AFM and SEM. Figure 2-17 (a) shows the AFM measurement on the transferred Al
gratings along both horizontal and vertical directions. The transferred films show peaks at
both edges, which are interpreted as the metal film from the sidewalls of the PDMS stamp,
since the gratings on the master mold are not completely vertical. Along the grating direction,
the fluctuation of the metal film was observed. The roughness was clearly seen in tilted SEM
images and the 3D AFM image as Figure 2-17 (b)-(d) show. Therefore, it can be concluded
that this process is useful to fabricate devices when the surface roughness of the films does

not affect the device function.
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Figure 2-17 Characterizations of the transferred Al films by AFM and SEM. (a) AFM
measurements perpendicular to and along the gratings. (b) A SEM image of the gratings and
(c) the close image. (d) A 3D AFM image of the gratings.

2.2.4 Metal transfer assisted nanolithography by KMPR
2.2.4.1 Experimental procedure

KMPR is also known as a UV curable photoresist like SU-8 but removable by
solvents even after the cure. Therefore, it can be used to replace PMMA in metal transfer
assisted nanolithography while utilizing the properties of KMPR to expand the compatibility

of materials as SU-8.

The same Si master mold used in the previous section was employed. Only Au/Ti
with 10 nm/5 nm were chosen as the deposited metal films since they are used as the etching

masks to make devices by following evaporations, but this process does not limit the
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Figure 2-18 A process flow of metal transfer assisted nanolithography with KMPR.

materials choices to Au/Ti films. A PET film was used as a substrate that the metal films
were transferred onto. The process flow is shown in Figure 2-18. PET films were cleaned by
ultrasonication in Acetone and IPA for 5 minutes respectively. 500 nm SU-8 was spun on the
PET film and it is prebaked at 95 C* for 1 minute, exposed by UV light (MJB45S : Karl Suss)
for 20 seconds, and post baked at 95 C° for 1 minute. Then 20 nm of SiO2 was deposited on
the PET film as the etching stopper layer for the O plasma etching. Diluted KMPR with the
solid concentration of 2% was prepared by mixing KMPR 1010 with Cyclopentanone. First,
OmniCoat (Kayaku Advanced Materials) was spun on the PET film fixed on a Si wafer and
then baked on a hotplate at 115 C° for 20 minutes. After it was cooled to room temperature,

the diluted KMPR was spun on it. The metal transfer assisted nanolithography was performed
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by NX-2000 with the following conditions: an imprinting temperature of 70 C°, an imprinting
time of 5 minutes, an imprinting pressure of 6 psi, and UV exposure for 15 seconds at the
last 15 seconds of the imprinting time. Then, the photoresist was dry etched by O, plasma
(YES-310TA (E) : Yield Engineering System) with 35 sccm of Oz and 100 W at 60 °C for
450 seconds using the transferred metal films as the etching mask. A 24 nm thick Al layer
was evaporated through the transferred metal films and then the photoresist was lifted off by

Remover PG (Kayaku Advanced Materials) at 80 C° for 30-60 seconds with ultrasonication.

2.2.4.2 Results and discussions

A picture of the transferred metal films on the KMPR coated PET film is shown in
Figure 2-19. The PET film fixed on the Si wafer shows the strong light interferences by the
metal gratings, and the PDMS stamp still shows dark color in the pattern caused by the
residual metal films on the bottom. After the O plasma etching, the transferred metal films
helped to create gratings with the undercuts, which made it easy for Remover PG to attack
the KMPR layer as the red arrows in Figure 2-20 (a) indicate even after another metal film is
evaporated. The Al gratings fabricated on the PET film is shown in Figure 2-20 (b). By
employing KMPR instead of PMMA, the uniformity issue has been completely resolved in
a large area, and the process has successfully resolved the thermal deformation issue when

PET films are used as the substrate.

One of the advantages of the metal transfer assisted nanolithography is that polymer
films are also compatible. It is usually difficult to fabricate nano patterns using the common

semiconductor nanofabrication technologies such as photolithography, electron beam
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Figure 2-19 The left is the transferred Au/Ti films on the KMPR coated PET film and the
right is the PDMS stamp used for it. There are residual metal films on the bottom of the
PDMS stamp.

WA S

Figure 2-20 (a) A cross-sectional SEM image of the single grating fabricated by O2 plasma
etching using the transferred Au/Ti film as an etching mask. (b) Al gratings made on a PET
film using metal transfer assisted nanolithography with KMPR ina 5 cm x 5 cm area.
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lithography, or vacuum processes because of its transparency, low heat resistance, and
contamination under the high vacuum. However, some special treatments are required when

polymer film substrates are employed.

First, since the surface roughness of polymer films is typically not as smooth as Si
wafers, surface planarization is important to obtain the uniform patterns in height, i.e.,
without the surface planarization, the transferred patterns tend to have differences in height
with nanometer scale. A comparison of two AFM measurements with and without the surface
planarization is shown in Figure 2-21. The top image shows the patterns transferred directly
on a PET film with SU-8 as the transfer layer, and the bottom one is on a PET film planarized
by spincoated SU-8 prior to the metal transfer assisted nanolithography. While the bottom
line of the patterns without planarization has fluctuations, they have successfully been

removed by the planarized SU-8 layer beneath the metal gratings.

Section

Figure 2-21 AFM images on transferred metal films (a) without the planarization and (b) with
the planarization by SU-8.
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When KMPR is employed as the transfer layer and dry etching process is followed
through the transferred metal films, an etching stopper layer is required to ensure the KMPR
layer is etched without residue, but the substrate is not etched. Otherwise, the polymer
substrate is also etched by dry etching after the KMPR layer is completely etched away.
Considering the compatibility with many semiconductor fabrication processes, a thin SiO>
layer is recommended as an etching stopper. Therefore, the actual fabrication process
requires the surface planarization by SU-8 first, and a thin (~20 nm) SiO. deposition as
described in the section 2.2.4.1. However, it turned out that the thickness of the SU-8 layer
for planarization also plays an important role when the KMPR layer is lifted off by remover
PG. In case of the thick SU-8 layer (> 1 um), it is easy to peel off during the lift off with a
sonication since the adhesion of SU-8 to a PET film is not strong enough. On the other hand,
a thin SU-8 layer (< 100 nm) has another issue that remover PG attacks the SiO; layer and
creates large defects as the SiO» layer has grain boundaries corresponding to the PET film
roughness. Figure 2-22 is microscope images when PET films with thin film coatings are
immersed in a solvent. Figure 2-22 (a) is a successful sample showing Al gratings made on
500 nm SU-8 and 20 nm SiO». Figure 2-22 (b)-(d) shows the test results with different
materials and thicknesses on PET films. They were immersed in Remover PG without any
patterns on them, but large defects were observed on the surfaces of the samples regardless
of materials or thickness of the films. Therefore, it can be concluded that 500 nm SU-8 layer
with 20 nm SiO> film are very effective in solving the defect issues caused by the lift-off
process when polymer films are employed as the substrate in metal transfer assisted

nanolithography.
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PET +SiO, 100 nm PET + Al,0;30 nm

Figure 2-22 (a) Al gratings successfully fabricated on a PET film without any defects. The
immersion test results in Remover PG with (b) an ITO film, (c) a 100 nm SiO; film, and (d)
a 30 nm Al>Oz film.

2.3 Summary

In this chapter, two major nanoimprint lithography technologies, thermal nanoimprint
and UV nanoimprint were introduced, and experiments were performed to resolve previous
issues. The newly developed technology based on the aforementioned nanoimprint

lithography and transfer printing technique was also performed to obtain nano patterns on
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polymer films with high uniformity and compatibility. This technology is not only able to
decrease the cost of fabricating nano structures on polymer films, but it can also extend the

potential applications for transparent/flexible electronics technologies.
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CHAPTER 3
Large Area Plasmonic Photo Roller Lithography
3.1 Plasmonic lithography

In 2000, Pendry reported the concept of a perfect lens using negative refractive index
materials [37], which can resolve patterns smaller than the diffraction limit of light utilizing
evanescent waves. Since then, there have been many studies on developing new technologies
based on this concept [33,36,39-41,80-84]. Among them, there has been intensive research
on plasmonic interference lithography, which utilizes surface plasmon polaritons (SPPs)
excited at the interface between metal and dielectric layers [39,42,43,82]. In this system,
evanescent waves couple with SPPs and they are enhanced to expose the photoresist layer
with the resolution of the sub-diffraction limit. However, as previously mentioned, in a
general system evanescent waves decay very quickly and a special environment is required
to couple light with SPPs. First, in order to derive the conditions in which evanescent waves
can exist, let us consider light propagating from a medium with the permittivity of ¢1 to &

with the incident angle of 91 as Figure 3-1 shows.

ki, + ki, = kg (3.1.1)

ki, + k3, = ke, (3.1.2)

where k = w/c. From these two equations,
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Figure 3-1 A schematic where light is propagating from a medium to another.

k%(eq + &5) — (K3, + k2,
k?/ _ (&1 + &) _ (k1 22) (3.1.3)

k%, — k2, = k? (g, — &) (3.1.4)
In each medium, since divD =0,

k//Elx + klelz = O (315)

k//EZx + kZZEZZ = 0 (316)

By the boundary conditions for E and D,

SZklz = glkZZ (317)
Therefore,
k?e?
K2 = —1 (3.1.8)
! (&1 + &2)
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and from (3.1.3), (3.1.8), and (3.1.9),

2 _ kz(‘gng)

3.1.10
T e+ ( )

For the surface mode to exist, the conditions where ki, and ko, are imaginary numbers and kj,
is a real number at the interface need to be satisfied. Therefore, €;6, < O0ande; + &, <0
can be obtained. Next, using those equations, let us derive the dispersion relation of SPPs.
Given that the medium 1 is a metal and its permittivity is expressed by a complex number as
g, = & +ig;', and the medium 2 is a loss less dielectric and its permittivity is a real number,

the wave number is also k,, = k;,+ik;, and substituting them in (3.1.10).

€187
ki, ~k 3.1.11
/! &+ & ( )
kyel'e

k)~ ——L 2 (3.1.12)

2\/&1/&1 + &

From (3.2.11),
2n &+ &

Agpp = —— = : (3.1.13)

SPP K, e,

Provided that the free electron model is applied for the medium 1, &1 = 1 — wg/wz, and the

medium 2 is vacuum, &, = 1,
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Figure 3-2 Dispersion relations of light and SPPs. The red arrow indicates overcoming the
momentum mismatch when periodic metal gratings are employed.
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Since o approaches asymptotically to k,,c for k,, — 0 and wp/\/? fork,) — o, the
dispersion relation of SPPs can be drawn as Figure 3-2 shows. The dispersion relations of
light and SPPs do not cross, which means SPPs cannot be excited by light in a vacuum. One
of the methods to couple light with SPPs is to use periodic metal gratings made on a dielectric
layer [38]. Then, the momentum mismatch can be overcome as indicated by the red arrow in

Figure 3-2 and SPPs are excited at the interface.

This technique has been used to produce the sub-diffraction limit patterns using metal

gratings, a regular UV light source, and a photoresist. Although the experimental results in
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Figure 3-3 (a) The plasmonic lithography for resolving high aspect ratios patterns, and (b)
the narrow transmission band of the electric field by the thin Al layer, adapted from
literature [39]. Copyright (2016) ACS.

previous studies have successfully shown sub-diffraction limit resolutions, the patterns
created in the photoresist layers were very shallow because evanescent waves decay
easily [33,81,84,85]. Such shallow patterns are usually not useful for practical application,
since dry etching or metal depositions followed by lift-off are performed through the patterns,
and they typically require high aspect ratio structures. X. Chen et al., have reported improved
technology that can resolve patterns with high aspect ratios while the feature size of the
patterns were still below the diffraction limit of the light [39]. In the study, a thin Al layer
was used beneath the Al gratings planarized by a PMMA layer to obtain the narrow
transmission band of the electric field, as shown in Figure 3-3. Thin layers of SiO2 and Al
were also coated on the substrate, and it sandwiches a photoresist layer with the photomask

to create a Fabry-Pérot cavity. As a result, the light intensity in the photoresist layer can have
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a high contrast along the horizontal direction and high uniformity along the vertical direction,

with the resolved patterns having much higher aspect ratios than the previous work.
3.2 Plasmonic interference lithography utilizing ENZ HMMs

Early studies have employed comparably simple structures composed of metal
gratings and a pair of dielectric and metal layers. In this scheme, the two evanescent waves
propagating to the opposite directions horizontally create a standing wave with the half of
the original wavelength. Therefore, the resolving patterns have a half period of the metal
gratings, e.g., 122.5 nm periodic gratings were fabricated using 245 nm periodic metal
gratings [39]. As described in the previous section, some metals with certain thicknesses can
pass the narrow frequency band and filter other waves, which means the photomask that is
able to utilize the higher order of diffractions can be engineered. One example of these

experiments was implemented using hyperbolic metamaterials (HMMs) [42,86-88].

HMMs are described by an effective permittivity in a tensor form:

8" 0 0
£=' = 0 8" 0 (321)
0 0 ¢

with one of the principal components being the opposite sign of the other two, that is, ¢j-e
< 0, where ¢ and . are permittivities parallel and perpendicular to the anisotropy axis,
respectively, and they are complex numbers. Isofrequency surfaces of transverse magnetic

waves for such systems become Figure 3-4 and are given by the following equation
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Figure 3-4 Isofrequency surfaces for transverse magnetic wave in HMMs given by (a) e >
0, en<0and (b) &r >0, e1 <0, adapted from literature [86]. Copyright (2013) Nature.

k2+k2 k2 o?
=2+ EZ=— (3.2.2)
&) &l c

where ky, ky, and k; are x, y, and z components of the wave vector, respectively [86]. Another
example of HMMs is alternating thin film stacks of metal and dielectric layers. When the
film thicknesses of metal and dielectric layers are thinner than the wavelength of light, the
permittivities of the system follow by the effective medium approximation, which is

expressed as

f=s ti - (3.2.3)
& =fem+ (1 —feg (3.2.4)

S 3.2.5
Sl—(l_f)gm_l_gd (3.2.5)

where tm and tq are the thicknesses, and em and &q are the permittivities of metal and dielectric,

respectively. Therefore, effective permittivity can be engineered by choosing the metal and
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Figure 3-5 (A) Characteristics of HMMs composed of Al and Al.Os for the various
wavelength with the different Al ratios. (B) Isofrequency curves of air and HMMs and (C)
the electric field intensity distributions for each HMMs, adapted from literature [42].
Copyright (2017) ACS.

dielectric materials and their thicknesses. In particular, HMMs whose tangential component
iIs close to zero are called epsilon-near-zero HMMs (ENZ HMMs) [89]. X. Chen et al., have
reported the computational results of how evanescent waves behave in three different HMMs:
type | ENZ HMMs (g1 = 0, &1 < 0), type 11 ENZ HMMs (& — 0, € > 0), and type | HMMs
(en >0, £ < 0) as Figure 3-5 shows [42]. The intensities of the electric fields in those HMMs
show very different phenomena. Type | ENZ HMMs confine the light while maintaining the
high intensity, and type Il ENZ HMMs result in the divergence of the diffracted light with
high intensity. Type Il HMMs also show similar intensity distribution with type Il ENZ
HMMs, but the light intensity decays vertically. For plasmonic lithography applications, type
I ENZ HMMs are suitable to create the uniform light intensity distribution in the photoresist

layer, as well as filtering a certain order of the diffraction light to obtain the reduced

periodicity.

X. Chen et al., have performed experimental work using the photomask shown in
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Figure 3-6 (A) A photomask and substrate design for plasmonic lithography utilizing ENZ
HMMs and (B) the intensity distribution of the electric field in them, adapted from
literature [42]. Copyright (2017) ACS.

Figure 3-6 which consists of 7 alternating Al/Al>Oz layers with a thicknesses of 6 nm and 47
nm, respectively [42]. The substrate coated with the photoresist also has 3 layers of
Al>0O3/Al/Al203 with a thicknesses of 47 nm/ 20 nm/ 47 nm. As a result, 117 nm periodic
gratings were fabricated in the photoresist layer using the Al gratings with 700 nm periodicity,
which corresponds to 1/6 of the original period. This technology offers a promising solution
to create very fine patterns due to its ability to reduce the scale of the period in the photomask

level.

So far, most studies have focused on the fabrication of sub-diffraction limit patterns
using SPPs. However, we have also performed experimental work focusing on better
productivity using a photo roller system with a flexible photomask [43]. In this setup, the
photomask is wrapped on a quartz cylinder where the UV light can shine from the inside to

realize a continuous patterning on a substrate as shown in Figure 3-7. In our previous study,
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Figure 3-7 (A) A schematic of plasmonic roller lithography setup and (B) and its detailed
picture of how the photomask and substrate are in contact. (C) A photomask design used in
the experiment and (D) its simulated light intensity distribution, adapted from literature [43].
Copyright (2019) I0P Science.

plasmonic lithography by Al gratings with a pair of metal and dielectric layers was performed

to obtain 122.5 nm periodic structures from 245 nm periodicity in a continuous manner.

There have been many studies on the plasmonic interference lithography as
introduced above, but most of them are capable of patterning in a comparably small area e.g.,
1 mm x 10 mm. The most challenging drawback is that the photomask design requires very
fine patterning by electron beam lithography. For example, even in the plasmonic
interference lithography utilizing ENZ HMMs in the previous study with larger metal
gratings, the Al gratings for the photomask were 700 nm period with the duty cycle of
0.75 [42]. These structures are still difficult to fabricate, and thus electron beam lithography
was used for the photomask fabrication resulting in a small size. In order to achieve the ability
to pattern in a large area in a continuous manner, we propose further scaling by enlarging the

period of the Al gratings to a size that can be fabricated by photolithography while keeping
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the resolution smaller than the diffraction limit by utilizing higher order diffractions as well
as employing the photo roller system. The most challenging part of this process is the
photomask fabrication, since it needs to be made on a flexible transparent film, which

typically limits the material choice to polymer films.
3.3 Photomask design

First, the photomask design was simulated by COMSOL Multiphysics. The design is
based on the previous study [42,43]. The photomask consists of Al gratings, spacer, and
metal/dielectric layer stacks, which are made on a PET film. A substrate coated with a
photoresist is prepared separately to create a Fabry-Pérot when the photomask and substrate
are in contact. It is necessary to obtain high contrast along the horizontal direction and high
uniformity along the vertical direction, confining the evanescent wave in the photoresist layer.
Schematics of the photomask and substrate, as well as the simulated result of normalized
|E|? in them are shown in Figure 3-8. The starting substrate is a PET film, and it is planarized

by 500 nm thick SU-8 followed by 20 nm SiO.. The Al gratings of the photomask has a
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Figure 3-8 (a) The simulated |EJ> in the photomask and substrate. Schematics of (b) the
photomask and (c) substrate.
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Figure 3-9 (a) The OTF of the photomask passing the 5™ order diffractions while filtering the
other orders. The red arrows indicate the order of each diffraction. (b) The magnetic field
H.(x,y) distribution in the ENZ HMM for the 5" order diffraction wave.

period of 1280 nm with a duty cycle of 0.45 and a thickness of 27 nm. 60 nm SU-8 is coated
on them as a spacer, and 8 alternating layers of Al/Al>Os with thicknesses of 9 nm and 55 nm
respectively deposited on it. The photoresist coated substrate is also fabricated on a PET film
with 5 um SU-8 planarization. SiO2/Al/SiO. layers with thicknesses of 36 nm each are
deposited on it, and HMDS is coated on the top SiO- layer. Here, the interference of the 5%
order diffractions of the gratings creates 10 stripes in a single period, which can expose a
photoresist with a 1/10 feature size of the Al gratings. Figure 3-9 (a) shows the optical transfer
function (OTF) which is defined by

|H,|?

OTF =
|Hil?

(3.3.1)

where H: and H; are the transmitted and incident magnetic field, respectively. The only 5%
order diffraction can transmit the ENZ HMM in the photomask while the other orders are

blocked. The transmitted 5™ order diffraction waves propagate in the photoresist layer in
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positive and negative directions, respectively. As a result, they create the standing wave with

a half wavelength, i.e., the 1/10 period of the Al gratings as Figure 3-9 (b) shows.
3.4 Photomask fabrication

As previously mentioned, the most challenging part of this work concerns the creation
of a photomask on a flexible transparent substrate (seen here in the form of a PET film) which
enables photo roller lithography. Because of its wide material compatibility and capability of
patterning in a large area, we employed metal transfer assisted nanolithography using KMPR,
which is described in section 2.3.4 to make Al gratings on a PET film in a large area. A PET
film was cut into 2.5"%2.5" and cleaned in Acetone and IPA with sonication for 5 minutes
each. Then, it was fixed on a Si wafer by Kapton tapes and 500 nm SU-8 was spun on it.
After a 20 nm SiO; layer was deposited by electron beam evaporation, 27 nm thick Al
gratings with a period of 1.28 pm and duty cycle of 0.45 were fabricated in a 2"x2" area using
the same procedure described in section 2.3.4.1. The Al gratings were planarized with SU8
by spincoat aiming 60 nm thick on top of the Al gratings, and the SU-8 layer was fully cured
and post-exposure baked. Then the alternating 8 layers of Al/Al.O3 with thicknesses of 9 nm/
55 nm were evaporated at the deposition rates of 2 A/s and 5 A/s, respectively. 5 min intervals
for cooling were taken after each deposition. Figure 3-10 shows the cross section of the 8-
layer stacks made on a Si wafer for the reference. For the photoresist coated substrate, the
starting substrate is either a PET film, Si wafer, or glass substrate. The substrate was cleaned
by Acetone and IPA with sonication for 5 min respectively, and then a 5 um SU-8 layer was

spun to planarize the surface. After fully curing the SU-8 and the post exposure bake,
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Figure 3-10 (a) The fabricated photomask and (b) a cross-sectional SEM image of the 8
layer stacks of Al/Al>Osz with the thicknesses of 9 nm/55 nm.

SiO2/Al/SIO: layers with thicknesses of 36 nm/36 nm/36 nm were deposited by electron
beam evaporation. For a Si or glass substrate, Al/SiO> layers with thicknesses of 36 nm/36
nm were deposited after the same cleaning process. HMDS was coated on the substrates by
vapor prime in an oven (YES-310TA (E) : Yield Engineering System) and then TSMR-V90

(TOK America) was spun on it with a thickness of 100 nm.

3.5 Photo roller lithography and optical setup

In previous work, the photomask size was small enough for a beam waist of a regular
laser. However, since the new photomask is rather large (2"x2"), the laser needs to be
expanded to expose the 2" width uniformly. The laser employed for this experiment is a 442
nm diode laser with the maximum intensity of about 5 W, and its beam waist is about 1 mm
in diameter and Gaussian profile. In order to design the optical setup to obtain a line beam
with homogeneous intensity in 2” width, the ray trace simulation was carried out by Zemax

OpticStudio as shown in Figure 3-11. The laser first passes a polarizer to obtain TM
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Figure 3-11 (a) The simulated optical setup by Zemax OpticStudio to obtain a homogenized
line beam in 2" width. (b) Gaussian profile of the original laser beam and (c) the homogenized
beam intensity at the exposed line. The intensity profiles of the homogenized line beam along
(d) the x-direction and (e) the y-direction.

polarization and then cylindrical microlens arrays with a divergence angle of 2.2°. This
homogenizes the beam intensity distribution and expands the laser horizontally. The next
cylindrical lens with a long focal length gradually focuses the laser vertically. After
thereflections by the three rectangular mirrors, the laser is incident on the photomask from
the inside of the quartz cylinder with homogeneous intensity in a 2” width. A schematic of
the photo roller setup and its picture are shown in Figure 3-12. The stage where the
photoresist coated substrate is placed is motorized and movable at an arbitrary speed. The
quartz cylinder can rotate by the friction force when the motorized stage moves. Figure 3-12
(c) is a photo of the original laser beam and (d) is the homogenized line beam formed by the

optical setup.
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3.6 Experimental results and discussions

3.6.1 Experimental results

The SEM images shown in Figure 3-13 are the experimental result fabricated in the
photoresist on the glass substrate. A point laser beam without the line beam formation was

used, and the exposure was 60 seconds with the laser power of 0.322 A, which is ~40 mW.

(a)

Laser N EE 2
Motorized stage

Optical table

Mirror || Polarizer || CYlindrical ”PDMS IRubber I PET IPR Mask
lens array

Figure 3-12 (a) A schematic of the optical setup and (b) its picture. (c) A original beam shape
and (d) line beam formed by the lenses.
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Figure 3-13 (a) The resolved pattern by plasmonic lithography and (b) its close image
showing a period of 128 nm gratings created in the photoresist layer.

The gratings with a 128 nm period were successfully fabricated using the ENZ HMM
photomask. However, this system is highly sensitive to the pressure applied between the
photomask and substrate to make a conformal contact. Figure 3-14 shows three exposure
results with different pressures, wherein lower pressure produced a better result than higher
pressure. The reasons behind this pressure sensitivity and the characterizations of the

photomask will be discussed in the next section.
3.6.2 Characterization of the ENZ HMM photomask

First, AFM was performed on the photomask to characterize it. As Figure 3-15 shows,
a few nm fluctuations were observed on the surface whose period corresponds to the period
of the Al gratings. This is most likely because the planarization by SU-8 was not perfect
enough to obtain the flat surface. For further understanding, AFM measurements were also
performed on the Al gratings after being fabricated on a PET film by metal transfer assisted

nanolithography. Figure 3-16 shows the measurements on the same area of the photomask
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Figure 3-15 An AFM image on the photomask.
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with different amplitude setpoints. The difference of the amplitude setpoints is only 3 mV,
but the measurements show different results. To interpret these results, the principle of AFM
will be discussed first. AFM can characterize the mechanical properties as well as the surface
roughness of the sample. In the tapping mode, an AFM tip oscillates as seen in Figure 3-17
and sweeps the surface of the sample. The strength of the tapping is related to the amplitude
setpoint, that is, a higher amplitude setpoint means the AFM tip taps the surface more
strongly. Therefore, one can tell the hardness of the sample from the measurement data with
different amplitude setpoints. By comparing the two measurements shown in Figure 3-16, it
can be seen that the hardness at two points on the Al gratings and spacings are different. Thus,
when the photomask is pressurized, the two regions are compressed differently, which results
in the deformation of the photomask. To gain further insight, the Mises stress distribution in
the photomask and substrate when it is pressurized was simulated by COMSOL Multiphysics
as shown in Figure 3-18. Because the photomask consists of different materials: a metal,
metal oxides, and polymers, it does not deform uniformly along the vertical direction.
Moreover, the substrate is a 127 pum thick PET film, and it can also be deformed when
pressurized. Therefore, the experimental results showing this sensitivity to applied pressure
can be interpreted as the deformation of the photomask arising from the material

compositions of the photomask.

3.6.3 Computational analysis on the effects caused by the roughness and deformation

In previous studies, the surface fluctuations caused by the periodic metal gratings

have not been taken into account in plasmonic lithography. In this section, the effects of them
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Figure 3-17 A schematic of AFM.
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Figure 3-18 The simulated Mises stress distribution in the photomask and substrate when
pressurized.

(a) Conformal (b) Roughness 5nm (c) Roughness 10 nm
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Figure 3-19 (a) Schematics of the situations when the photomask and substrate are in
conformal contact and (d) when there are air gaps between them. Simulation results when
the roughness of the photomask is (b) 5 nm and (c) 10nm, and when the air gaps are (€) 5 nm
and (f) 10 nm. All simulation results are under the conditions where the Al gratings are 27
nm and 1.28 um period with the duty cycle of 0.45, the SU-8 spacer is 60 nm thick, the ENZ
HMM is 8 alternating layers of Al/AI,Oz =9 nm/55 nm, the photoresist thickness is 100 nm,

and the substrate has SiO2/Al/SiO2 = 36 nm/ 36 nm/ 36 nm layers.
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will be discussed based on the simulated results by COMSOL Multiphysics. Figure 3-19
shows the simulated results with different roughness: no roughness, 5 nm, and 10 nm, for
two different situations where the photomask and substrate are in conformal contact or there
are air gaps between them. Even though the roughness is up to 10 nm, it changes the light
intensity distributions in the photoresist layer significantly, and the contact of the photomask
and substrate plays a very important role. In the cases of Figure 3-19 (a), the simulated results
with roughnesses of 5 nm and 10 nm show even higher light intensity in the photoresist layer,
although a slight deformation along the vertical direction is observed. However, in the latter
situation, despite the fact that 10 nm air gaps do not affect the contrast of the light intensity
in the photoresist layer along the horizontal direction, in the case of 5 nm air gaps the light
intensity distribution deforms in the photoresist layer and shows poorer contrast along the
horizontal direction. These results show that when the photomask and substrate are in strong
contact, since the photoresist layer is deformed to make a conformal contact, the roughness
on the photomask will not affect the pattern fidelity of the photoresist. However, when they
are in weak contact, there will be air gaps that might spoil the plasmonic lithography

depending on the thickness of the air gaps.

3.6.4 Importance of other parameters: incident angle of light, refractive index of

materials, and material choice for substrate

There are several works investigating the effects caused by the parameters of the
photomask design such as the period of the metal gratings, duty cycle of the gratings, and

thicknesses of each layer [40,42]. However, there are several more parameters that need to
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be considered. First, the refractive index of the dielectric layer, Al2Os3 here, is discussed.
Usually, thin layers of metal and dielectric are deposited by thermal/electron beam
evaporations because of its ease and accuracy in thickness control. While metals show high
reproducibility in terms of the refractive index of the deposited film, the refractive indices of
metal oxides are sometimes changed in the range of ~0.1. This is mainly because the crystal
structures are different from bulk and the composition of the material source changes through
many evaporations. In the case of Al,Os, the evaporated thin film may form amorphous
crystals, and the ratio of Al and Oxygen in the source may change from 2:3. According to
the reference [90], the refractive index of Al>Os for 442 nm, is about 1.69, but the actual
values were confirmed to be as low as 1.58 to 1.65 for the electron beam evaporated thin
films in this study. Figure 3-20 shows four different simulated results for the refractive
indices of Al2O3 from 1.57 to 1.69, which may occur in physical fabrications. Although the
10 stripes are resolved in the photoresist layer in all the cases, their contrast and uniformity
vary substantially. In particular, for n = 1.57 and 1.69, it is hard to obtain well-resolved
patterns in the photoresist layer due to poor contrasts along the horizontal direction. These
situations can be improved by adjusting other relevant parameters. For example, in the case
that the refractive index of Al,Oz is 1.57, changing the 4 metal layers thickness to 11 nm
while the other parameters remain the same can solve this problem, as Figure 3-21 (a) shows.
Similarly, when the refractive index is 1.69, changing the thickness of SU-8 spacer to 30 nm,
4 Al layers thickness to 7 nm, and 4 Al,Oz3 layers thickness to 45 nm creates a better result
as seen in Figure 3-21 (b). Therefore, it is recommended that the optical property of a thin

Al>03 film be measured prior to the photomask fabrication, and the photomask design
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Figure 3-20 Simulation results with the different refractive indices of Al,O3z from 1.57 to 1.69
where the other conditions are all same.
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Figure 3-21 Good simulation results (a) with the refractive index of Al>Oz 1.57 and the
thickness of 4 Al layers 11 nm, and (b) the refractive index of Al.O3 1.69, SU-8 thickness 30
nm, 4 Al layers 7 nm, and 4 Al,O3 layers 45 nm.
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finalized accordingly.

Although there is no concern in the case of small area plasmonic lithography using a
point laser beam, when the beam expansion for a large area is required, the incident angle of
light plays an important role. As described in the former section, cylindrical microlens arrays
are used in this work to get a line beam that has a divergence angle of 2.2°, which means the
laser has an incident angle of up to 2.2° to the photomask from the center to the edge of the
line beam. Figure 3-22 shows simulated results for different incident angles from 0 to 75° to
the photomask. In cases where the incident angle is small, the light intensity distributions in
the photoresist layer do not change much. However, for larger angles e.g., over 15°, the

interferences in the photoresist layer cannot resolve the patterns well. Therefore, cylindrical
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Figure 3-22 Simulated results with different incident angles from 0° to 75°.
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microlens arrays with a small divergence angle are suitable for the beam expansion despite
that it requires a long distance to the exposure surface from the lens to obtain a long line

beam.

Lastly, for the wider applications of this technology, the importance of the material
choice for the substate will be evaluated. The photoresist-coated substrate discussed so far
has layers of SiO2/Al/SiO2 with thicknesses of 36 nm/ 36 nm/ 36 nm. These layers are
important to create a Fabry-Pérot cavity for high uniformity in the light intensity distribution
along the vertical direction, and it enables the fabrication of high aspect ratio patterns.
However, the necessity of the layers also limits the applications. Although this is inevitable
for a transparent substrate such as a glass or polymers, it is desirable for reflective substrates,
especially Si, to be employed without any additional layers on it. Figure 3-23 shows the
simulated results when Si is the substrate, and no additional layers are used. Even in the case

that the same photomask (the one which gave the best result on the substrate with

Figure 3-23 Simulation results when Si is used as a substrate. (a) The same photomask with
the best result on the SiO2/Al/SiO2 = 36 nm/ 36 nm/ 36 nm coated substrate, and (b) the better
result with the SU-8 spacer thickness 40 nm.
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SiO2/Al/SIO2 = 36 nm/36 nm/36 nm films) is used with a different substrate, the 10
interference patterns in the photoresist layer can be resolved. Figure 3-23 (b) shows the best
result, reducing the SU-8 spacer thickness to 40 nm. If the photomask design is optimized
for the Si substrate, the contrast and uniformity of the light intensity distributions in the
photoresist layer can be improved. Therefore, plasmonic lithography can be used to fabricate
patterns directly on Si substrates using the developed photoresist as an etching or deposition

mask.

3.7 Summary

In this chapter, the mechanism of plasmonic lithography and experimental studies to
scale up the patternable area size were discussed. While the pressure applied to the
photomask needs to be carefully considered due to the complexity of the photomask,
plasmonic lithography using ENZ HMMs has been shown to be a very promising technology
for fabricating sub diffraction limit patterns from comparably large-scale structures. Several
parameters that were not previously studied which could affect the lithography results were
also discussed. Although a careful study on the photomask design is required for the
photomask fabrication, this technology shows huge potential for industry applications due to

its scalability and resolution.
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CHAPTER 4
Nano-scale Electro/Electroless Plating for Optics/Photonics Applications

4.1 Introduction to electro/electroless plating

Electroplating and electroless plating technologies have been widely used since the
19" century because of their plainness and broad applications. For conventional applications
such as anti-rust coatings, mirrors, and jewelries, the characteristics of plating technologies
(e.g., the deposition rate, surface morphology, or thickness control) are not particularly vital
for fabrication. As nanotechnologies develop and share a significant role in modern
technology, the demand for technology that can deposit various materials with a nanometer
scale at a low cost has become increasingly desirable. In the current industry, those
fabrications are mostly done by physical vapor deposition or chemical vapor deposition
because of their wide material compatibility, excellent thickness controllability, and
plainness of the process. However, those technologies require high vacuum for depositions,
which increases the fabrication cost significantly as it takes substantial time to pump down

the chamber and the vacuum chamber limits the size of substrates.

As low-cost alternative technologies, electroplating and electroless plating have
attracted significant attention. Since both technologies are wet chemical processes, high
vacuum and pumping time are not required and scaling up is simpler, as they do not use a
vacuum chamber. Electroplating is performed with applied voltage to reduce metal ions to

pure metals. Hence, the substrate needs to be conductive, and it limited the material in the
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early stages of this technology. However, owing to the development of transparent
semiconductor materials such as Zinc Oxide (ZnO) and Indium Tin Oxide, as well as the
development of electroplating technology for metal oxides, the applications of electroplating
have been greatly expanded [49-51]. On the other hand, electroless plating is compatible
with both conductive and nonconductive substrates, but catalysts are required on the substrate
to reduce metal ions to pure metals. Therefore, the technology used to deposit catalysts on

the substrate plays a significant role in electroless plating technology [91].

4.2 Catalytic Palladium colloidal solution for electroless plating

As a catalytic material, Pd is widely used because of its stability in many solutions
and its ability to catalyze various metals [92-94]. To utilize the advantage of electroless
plating, a wet chemical process for the Pd deposition is desirable. Moreover, the minimum
amount of Pd that can produce uniform coating on the substrate is preferred for the majority
of applications, since Pd is an expensive material. S. Horiuchi and Y. Nakao have reported a
simple method of depositing catalytic Pd colloids on various kinds of materials such as
polymer films, glass, metals, and more [52]. The Pd colloid is about 5 nm in a diameter and
can effectively catalyze various metal depositions, e.g., Cu, Ag, Au, and Pt. It should also be
noted that the Pd colloidal solution can be left for years under a normal atmosphere without

losing its function, and most of the chemicals used here are environmentally friendly.

The Pd colloidal solution is prepared by the following recipe. First, 1 g of Sucrose
and 10 mg of Dextran (MW : 100,000-200,000) was dissolved in 92.5 mL of DI water and

stirred. Adding 2.5 mL of the mixture of PdCl, (20 mM) and NaCl (100 mM), and 5 mL of
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Figure 4-1 (a) Schematics of synthesizing Pd colloids and (b) the chemical structure of
Trimethyl Stearyl Ammonium Chloride.

NaBH4 (40 mM) to it, the solution was heated at 80 °C for 24 hours in an oil bath. Because
the Pd colloids made by this process are negatively charged, they can be adsorbed on a
positively charged surface by Coulomb’s force and such a surface can be prepared by cationic
surfactants. Here, Stearyl Trimethyl Ammonium Chloride (SC) was used as one of them.
Schematics of the mechanism of synthesizing Pd colloids and their adsorption on the treated
surface are shown in Figure 4-1. Pd atoms create clusters in the solution and some atoms that
are on the surface of the clusters are dissolved in the solution as Pd?* even though the
solubility of Pd in the solution is very low. As a result, the Pd clusters are negatively charged
enough to satisfy the electrical neutrality. A water-soluble polymer, used here in the form of

Dextran, is adsorbed on the surface of the Pd clusters to create Pd colloids with negative
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charges. On the other hand, SC is ionized to a SC ion in the solution by releasing CI" into the
solution, and since its long carbon chain is hydrophobic, it tends to be adsorbed on a
hydrophobic surface. Those positive ions and negative colloids attract each other and as a

result, the sample surface will be coated with Pd colloids with a single colloidal layer.

4.3 Electroless plating for broadband light absorber applications

Broadband light absorbers have been studied intensively in recent years because of
their wide applications, such as solar energy harvesting [45,95-97], stealth devices [98,99],
and sensors [100]. Among various designs for broadband light absorbers, the major ones are
porous materials coated with a metal [45,95,101,102], multi-layer films of metal/dielectric
materials [103,104], nanowire arrays [105,106], and ring resonators [107-109]. While many
experimental works based on these designs have been studied, most fabrication methods
require expensive processes such as the chemical vapor deposition (CVD), sputtering, or dry
etching. This is mainly due to two reasons: fabricating porous structures, and difficulty in
coating thin absorptive metals. To improve these aspects, we propose to use an Anodized
Aluminum Oxide (AAO) membrane as a substrate and electroless plating of metals on it
using the Pd colloidal solution introduced in the previous section. AAO membranes are
known as an inexpensive porous material that can be fabricated by a wet chemical process,
called anodized oxidation [110], of Al as shown in Figure 4-2. Many parameters such as the
diameter of the hole, interpore distance, and thickness of the membrane can be engineered
by the fabrication conditions. The holes can even be less than 100 nm in a diameter while

penetrating the entire membrane, e.g., 50 pum, resulting in the ultrahigh aspect ratio (>1:500).
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Figure 4-2 Schematics of (a) AAO membrane and the unit cell of it is indicated by the red
dashed square, and (b) the top view of the unit cell. r is the pore radius and d is the interpore
distance.

These membranes are commercially available, and the commercial price of single piece is
about $25 for a circular AAO membrane whose diameter is 1 ¢cm, thickness is 50 pum, and
hole diameter is 200 nm. There are several previous studies on broadband light absorbers
using AAO membranes as a template [45,111,112], but to the best of our knowledge, vacuum
processes such as CVD or sputtering were employed to coat a thin metal layer on the holes.
As previously mentioned, these processes are expensive, and they have the disadvantage of
being unable to deposit metals deeply on the inner walls of the holes. Therefore, even though
ultrahigh aspect ratio structures are employed in those studies, the entirety of the holes were
not completely utilized to achieve high absorption, leaving room for improvement. Our
process using electroless plating can coat metal on the sidewalls of the holes deeply, since
the solution can flow into the depth of the holes, and the chemical reaction reducing the metal
ions to pure metals occurs simultaneously where the Pd colloids are. As a result, very uniform

and conformal coating can be achieved even on porous, ultrahigh aspect ratio structures.
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4.4 Simulation and design of the broadband light absorber using an AAO membrane

First, the absorptance simulation was carried out by RETICOLO in Matlab.
RETICOLO can implement the rigorous coupled wave analysis (RCWA). RCWA can only
be applied for periodic structures, but it can calculate the reflectance, transmittance, or
diffraction very fast. In this study, since the absorptance of the device (which can be
calculated from the reflectance and transmittance) is of interest, RCWA is one of the best
methods for these computations. The simulation model is shown in Figure 4-3. In RCWA,
the simulation model is defined by its periodic structures using the cross-section. This model
consists of the air on both sides, and the metal cylinders coated on the inner walls of the AAO

pores. A linearly polarized wave is incident from top to the z direction with the incident angle
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Figure 4-3 A simulation model by RCWA.
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6 of 0-75°. Since RETICOLO requires a specific polarization for the incident light,
simulations were performed for several major angles. As the periodic structures of this device
is C4 symmetry, the simulated results for 6 =0°, 15°, 30°, and 45° were averaged to calculate
the absorptances for unpolarized light. The parameters for the AAO membrane swept in this
study are the interpore distance, pore radius, coated metal, and its thickness. The thickness
of the AAO membrane was fixed at 50 pm, the pores are close packed, and the coated metal

covers the whole sidewalls of the pores uniformly.

Figure 4-4 (a)-(c) show simulation results in which the interpore distance d is 450 nm,
the coated metal is Pt, and its thickness t is 20 nm with the incident angles of the light 8 from
0° to 75° for r = 100 nm, 140 nm, and 180 nm. All of them show very high absorptions (>
90%) for 0-30° and the absorptions are around 60% even for the large angle, 75°. It is also
observed that the larger the radius becomes, the higher the absorption gets in the whole range
(300-2400 nm). Figure 4-4 (d)-(f) shows simulation results in which the coated metal is 20
nm thick Pt but the interpore distance d and the radius r are 400-500 nm and 100-180 nm,
respectively. When the radius is 100 nm or 140 nm, different interpore distances show very
similar absorptions. However, in the case that the radius is 180 nm, the differences in the
interpore distance largely change the absorptions in the near IR range. According to those
results, the best conditions when the coated metal is 20 nm thick Pt, isr = 180 nm and d =

450 nm.

Figure 4-5 shows the results with d = 450 nm, r = 180 nm, the incident angle of light

is 0°, and Pt is coated with t = 3-20 nm. In the visible wavelength range, they show almost
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Figure 4-4 Simulation results for various parameters. The coated metal is Pt, d =450 nm, t =
20 nm, and the incident angle of & = 0-75° for (a) r = 100nm, (b) r = 140 nm, and (¢) r =180
nm. The coated metal is Pt, t = 20 nm, and the incident angle of #= 0" for (d) r = 100 nm and
d =400-500 nm, (e) r = 140 nm, d = 400-500 nm, and (f) r = 180 nm, d = 400-500 nm.
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Figure 4-5 Simulation results for different Pt thicknesses. The interpore distance d =450 nm,
the radius r is 180 nm, the incident angle of light is 0°, and the thickness of Pt is swept from
3 nm to 20 nm.

the same absorptions, but the thinner metal has higher absorption in the near IR range. This
IS because the incident light transmits more when the metal is thinner and experiences
reflections and absorptions like a Fabry-Pérot cavity. The dips observed at 450 nm for all
curves are believed to correspond to the interpore distance d = 450 nm. With this minor
exception, our designs show very high absorptions (> 95%) in 400-1100 nm, which exceeds
the results reported in previous studies using more complicated fabrication process as shown
in the comparison of Figure 4-6 [45]. A similar design was employed in the previous study,
but atomic layer deposition (ALD) was used to deposit a thin Ir layer on the sidewalls of the
pores. Since ALD is a vacuum process and the deposition rate can be as slow as one atomic
layer per cycle, the fabrication cost becomes more expensive than a wet chemical process.
Thus, not only are the simulated absorptions for the broadband light shown, but also the

advantages of the fabrication process and cost.
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Figure 4-6 A comparison of the simulation result of this study with the previous work. (a)
The absorption when d = 450 nm, r = 180 nm, Pt thickness t = 20 nm, and the incident angle
is 0°. (b) The reference data from the previous study when the AAO thickness is 200 nm and
it is on a glass substrate, d = 100 nm, r = 48 nm, the metal is 3 nm thick Ir, adapted from
literature [45]. Copyright (2017) AIP Publishing.

4.5 Experimental results and discussions

Three different AAO membranes were obtained from Shenzhen Topmembranes
Technologies Co., Ltd. These AAO membranes have holes through the entire substrate (50
pm) and they are closely packed in plane. The interpore distance of them is 450 nm, and the
radii are 100 nm, 140 nm, and 180 nm. The electroless plating process used here is the same
process described in the section 4.2, but in order to enhance diffusions, each step was done
with sonication. After the Pd colloids deposition, Pt electroless plating was performed in 20
mM of H2PtCls and 80 mM of Ascorbic acid with sonication and heat. Figure 4-7 shows the
AAO membranes at each step of the fabrication. The original AAO membranes are all
semitransparent, but after the Pd colloids deposition, they already showed dark colors.

Although the samples appear slightly nonuniform at this stage, after the Pt electroless plating
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with sonication, all of them appear very deep black, which indicates high absorption in the
visible wavelength range. Figure 4-8 shows SEM images of the Pt coated AAO membrane
and exposed Pt tubes by removing the AAO membrane with an acid solution. Because of the
capillary force, the Pt tubes aggregated in the picture, but long Pt tubes with thin thickness

were successfully fabricated.

The transmittances and specular reflections for the wavelength of 300-2400 nm and
0 = 8-60° were measured by a UV/Vis/NIR spectrometer (LAMBDA 1050: PerkinElmer),
and the normal reflectance was measured by a lab-made spectrometer. Figure 4-9 (a) and (b)

show the measured transmittances for r = 140 nm and 180 nm, (c) shows the measured normal

AAO membranes

After Pd colloids
deposition

After Pt electroless
plating

- =5 ,'A -

ﬁr=100nm r=140 nm r=180 nm 7

Figure 4-7 AAO membranes at each step. Semitransparent appearances became deep black
after the Pt electroless plating process.
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Figure 4-8 SEM images of Pt coated AAO membranes. (a) A top view and (b) exposed Pt
tubes after AAO was dissolved in an acid solution.

reflectance for r = 140 nm, and (d) is the specular reflectances for the samples with r = 140
nm. Comparing with the simulated results shown in Figure 4-9 (e) and (f), very low
transmittances were observed for both samples, and the reflectances are also lower than the
simulation. This is most likely due to the difference of the pore structures in the real device
from the simulation model. Although the simulation model employs a circular pore with a
completely periodic structure, as Figure 4-8 (a) shows, the real device has an imperfect
circular pore shape and a comparably random configuration rather than periodic. These
parameter fluctuations improve the absorptions in the broadband range. A similar study also
revealed the same tendency, i.e., the experimental result shows better absorption than the
simulation [45]. Figure 4-10 shows a comparison of the simulated absorptions for different
metals with the previous study employing a similar design. Not only does our design show
higher absorption for various metals, but the fabrication process has a huge cost advantage,

since only wet chemical processes were employed. Though the metal used in our work is Pt,
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Figure 4-9 The transmittance and reflectance. The experimental measurements of
transmittance for (a) r = 140 nm and (b) r = 180 nm, and of (c) the normal reflection for r
=140 nm in the range of 400-1000 nm and (d) specular reflection for 8 = 8-60°. Simulated
transmittance and reflectance for (e) r = 140 nm and (f) r = 180 nm.
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Figure 4-10 A comparison of simulated results for various metals. (a) The result simulated
in this work for d = 450 nm, r = 180 nm, t = 20 nm, and 6 = 0°. (b) The reference, adapted
from literature [45]. Copyright (2017) AIP Publishing.

other less expensive metals such as Cu, Cr, and Ni can produce the same or similar
absorptions. This work shows a promising process for producing fabrications of broadband
light absorbers at a low cost. Moreover, this confirmed the ability of electroless plating to
coat thin metal films deeply into tiny structures. This technique could be used to resolve

issues in current conventional processes, such as using a vacuum deposition which cannot

deeply deposit materials.
4.6 Structural colors using metal/dielectric/metal Fabry-Pérot cavities

Most paint colors are composed of organic pigments or inorganic pigments which
absorb certain wavelengths of light and reflect the rest. This is how we see colors from those
materials. On the other hand, a new type of color paints called structural colors have been

studied intensively in recent years because of their superior characteristics to conventional

86



paints [113]. For example, structural colors can have higher reflectance than the pigment-
based colors, i.e., the color looks brighter, and they will not degrade from exposure to

sunlight.

The major schemes of the structural color are based on the plasmonic
resonances [114,115], wave-guide mode resonances [116,117], and Fabry-Pérot
cavities [47,48]. The ones utilizing plasmonic resonances or wave-guide resonances are
typically too expensive to introduce into industries because they require nanofabrications
such as lithography or etching. The other one using Fabry-Pérot cavities consists of thin
metal/dielectric/metal layers, and could potentially overcome the fabrication cost issue if a
scalable low-cost deposition process is employed. The basic design of the structural color
using Fabry-Pérot cavities is shown in Figure 4-11. When the light is incident to the top metal
layer with an incident angle of 64, it partially transmits into the dielectric layer and partially

reflects. The transmitted light propagates into the dielectric layer and reflects at the bottom
(b)

(a)
N RFR.. N

Dielectric

Metal )

Substrate h n

Figure 4-11 Schematics of the structural color based on a Fabry-Pérot cavity. (a)
Metal/dielectric/metal layers and (b) a schematic of the cavity.
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metal layer. The reflected light at the bottom metal layer partially transmits the top layer and
partially reflects again. As these go on, both constructive and destructive interferences of
light will be created, which results in a certain color depending on the wavelength of the
constructive interference. One of the advantages of this structural color design is that the
color created by the Fabry-Pérot cavity can be engineered by changing the thickness of the
dielectric layer while fixing the two metal layer thicknesses and material choices. Moreover,
when the refractive index of the dielectric layer is comparably high (e.g. n = 2 for visible
wavelength), the created color shows an excellent angular independency, which means the
color does not change depending on the viewing angle. Given that the diffracted angle of the

incident light in the dielectric layer is 62, by Snell’s law,

sinf; = nsind, (4.6.1)

., sinb;
0, = sinf W (4.6.2)

are satisfied. Therefore, for the high n, 8. becomes almost independent of #:. This is the

mechanism of the angular independent color.

In 2018, Toyota sold the first automobile painted with structural color paints. Despite
the fact that they commercialized the structural color paints, the price of the car was more
expensive compared to the same model using conventional paints. This price difference was
attributed to the fabrication cost, which produced the structural color paints using a vacuum
process. In a recent study, a non-vacuum process using wet chemical depositions has been
performed to reduce costs [47]. In the study, Au/CuO2/Au layers were used as a Fabry-Perot

cavity to create three primary colors: Cyan, Magenta, and Yellow. However, the CuO>
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electroplating process is slightly complicated, and the electroplating solution degrades easily
in a normal environment. This makes it difficult to use in industries, and increases the
fabrication cost in addition to the cost of the Au used for both metal layers. Thus, there is a

great need for alternative processes which can deposit the dielectric layer and metal layers.

In this dissertation, Zinc Oxide (ZnO) electroplating is introduced as an alternative
process for the dielectric layer deposition, as well as Cu electroless plating using Pd catalytic
colloids for the top metal layer. ZnO is known as a transparent semiconductor and has a
comparably high refractive index (~1.9 for the visible wavelength [118]) which enables the
angular independent structural colors. Although the process requires bubbling O2 gas into the
electroplating solution, the solution itself is very simple and stable in a normal environment.
Since the cost of Cu is much less expensive compared with Au while showing the high
reflectance in the visible wavelength and high stability, it is a promising candidate to replace

Au in this technology.

4.7 Transfer-matrix method

First, in order to simulate the performance of ZnO and Cu layers for structural colors,
the transfer-matrix method was employed. The transfer-matrix method is a method that can
calculate the optical properties for multi-layer films. Given that the light is incident on N
layers and a substrate as Figure 4-12 shows where the refractive index of the ith layer is n;
and the incident angle to the first layer is Go. The electric field in the ith layer can be expressed

by superposing two waves propagating the z+ and z- directions respectively as
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Figure 4-12 A schematic of multi-layer films.

Ejy(r) = Ejeikinm=00 4 ploiki-T-00 = 1 = (xy,7 — L)) (4.7.1)
ki+ = (kxﬁ 0, kiz) ’ ki— = (kx' 0, _kiz) (4‘72)
and by Snell’s law
kx = nikosinei = ni_lkosinei_l = = nokosineo (4‘73)
ki, = \/nizkg — k= \/nizkg — n?kgcosh; = n;kycosb; (4.7.4)
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By Maxwell’s equation, the x component of the magnetic field is

o8 =1 H=VXE
ot (HT T
0E;,
0z
= —E;ik,e'®+7-00 4 plik, eiki-T-w0)
_klz i(Kj4 r—wt) 1 i(Kj_ r—wt)
Hix(2) = —2 (Byeiliis -0t _ pleilii-r-00))
WHo

Substituting z = L in (4.7.1) and (4.7.8),

Eiy(z = L)) = (E; + E})etkxx-iot

Hix(z = L;) = a;(—E; + E{)eFx*-iot

iz

K
where a; = o
0

Therefore,
1 Hy(z=L)\ _., ...
Ei = E(Eiy(z = Ll) — lxa—ll> e ikyx+iwt
1 H.(z=1L; ) )
El, = —<Eiy(z = Ll) + M) e—lkxx+lwt
2 2

Then substituting them to (4.7.1) again
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(4.7.5)

(4.7.6)

(4.7.7)

(4.7.8)

(4.7.9)

(4.7.10)

(4.7.11)

(4.7.12)



i

1 H.(z=1, )
Ey(r) = (Eiy (z=1) - ¥> eikis?

1 H.(z=1; )

+5 (Eiy(z =L)+ M) e~ ikizz (4.7.13)
i

1, . "

= E(el izZ + et iZZ)Eiy(Z = Ll)
1 . .
— 5 (etkir + e~kiZ)H, (z = L;) (4.7.14)
i

and to (4.7.8)
a; , . . 1, . )
Hi, () = —7‘ (etkiz? — e~tkizZ)E, (z = L) + > (etkizz + e=tkiz?)H, (z = L;) (4.7.15)

These can be written in the matrix form

1, . . 1 . .
_(oikizz —ik;,z — (oikizz —ik;,z
Ey(2)\ [ 2 (e Te ) 2q; (e te ) Ey(z=L;)
Hi(2)) |\ a, . . 1, . , Hiy(z = L;) (4.7.16)
__t (elkiZZ _ e—lkizz) _ (elkiZZ + e—lkiZZ)
2 2
= M-( iy L ) 4.7.17
l Hi(z = L) ( )

In case that the medium is loss less, since k is a real number, (4.7.16) can be

Eiy(Z) COS(kl'ZZ) _isin(kizz) Eiy(Z _ Ll)
B % _ (4.7.18)
(Hix(Z)) —ia;sin(k;,z)  cos(k;,z) <Hix(z = Li)>
Bl =10y _ s (B®
<HiZ(Z = Li)> =M <Hii(z)) (4.7.19)

where

92



[
M-t = cos(k;,z) a—ism(kizz) (4.7.20)

ia;sin(k;,z) cos(k;,z)

Considering multilayer structures,

EOy(O) . Esy(L)
(HOx(0)> =M (st(L)) (4.7.21)
where
M= MMM Myt (4.7.22)

and since there are only the incident wave and reflected wave in the top region, and the

transmitted wave in the bottom region,
Eoy(z) = (exp(iko,z) + 1 exp(—iky,z)) exp(ik,x) (4.7.23)

Eg(z) =t exp(iksz (z - L)) exp(ik,.x) (4.7.24)

Here, r is the reflectance and t is the transmittance. The magnetic fields can be calculated by

the derivatives of (4.7.23) and (4.7.24) respect to z.

Hy,(z) = —ay(exp(iky,z) — r exp(—ik,y,z)) exp(ik,x) (4.7.25)

Hg, (z) = —ast exp(iksz(z — L)) exp(ik,x) (4.7.26)

Substituting z = 0 for (4.7.23) and (4.7.25), and z = L for (4.7.24) and (4.7.26),
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Eoy(0) = (1 + 1) exp(ikyx)

Hox(0) = —ao(1 — 1) exp(ikyx)

Eg, (L) = texp(ik,x)

Hg, (L) = —agt exp(ik,x)

Expressing these using matrices,

(ao(—l +7)

( 1

1 ) (Mn
r —
(“0 M,
( 1
04
Since the determinant is

1 —(My; —asMy,)
ay —(My; —asMy;)

(a
0
J—

det (

apgMy; — apasM;; — My + asMy,

v (1)

(

i) =Ma)

)+ (a)7 = ()

i) ()=~ (ao)

(w)

) = aoM;; — apasM; — My + aMy,

—(My; — “sMn))_1
—(My; — asMy,)

—(Mz; —asMp,) My; —agMy,
o 1
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(4.7.27)

(4.7.28)

(4.7.29)

(4.7.30)

(4.7.31)

(4.7.32)

(4.7.33)

(4.7.34)

(4.7.35)

(4.7.36)



_ aoMy; — apasMip; + My — agMp,

r (4.7.37)

aoMy; — apasM;; — My + agMy,

; 2ay
apgMy; — @pasM;; — My + asMy,

(4.7.38)

Thus, the reflectance and transmittance of the multi-layers can be calculated.
4.8 Computations of reflectance using transfer-matrix method

Simulations were performed on Matlab using the transfer-matrix method to calculate
reflectance spectra in the visible wavelength range and their angular dependencies for 0-90°.
Figure 4-13 (a) shows the reflectances for three colors: yellow, magenta, and cyan, reported
in the previous study using Au 20 nm/Cu20 20-75 nm/Au 100 nm from the top to bottom
layer [47]. The colors of each curve correspond to the actual colors. Figure 4-13 (b) shows
the simulation results when Cu0 is replaced with ZnO with thicknesses of 40, 70, and 110
nm while the top and bottom layers are Au. All three curves show lower reflectances at their
dips than the previous design, and cyan has a higher reflectance, i.e., the higher quality colors
are expected for the new design. As seen in Figure 4-13 (c), when the top Au layer is replaced
by Cu, there is little difference observed for all three curves. As Figure 4-14 shows, since
reflectance, transmittance, and absorption spectra for Au and Cu are very similar, Cu is a

promising candidate for replacing Au to achieve cost reduction.

Next, angular dependencies of these designs were simulated with an incident angle
of 0-90°. Figure 4-15 shows the results for all designs introduced above. All new designs

have better angular independencies, especially for the large incident angles, which is simply
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Figure 4-13 Simulation results of reflectances for different metal/dielectric/metal films by
the transfer-matrix method. (a) The design employed in the previous work, Au 20 nm/Cu20
x nm/ Au 100 nm for x = 20, 40, and 75 nm. (b) When Cu20 is replaced by ZnO with the
thicknesses of 40, 70, and 110 nm. (c) When the top Au layer is replaced with Cu and the
ZnO thicknesses are 40, 70, and 110 nm.
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Figure 4-14 The reflectance, transmittance, and absorption for Au and Cu with 20 nm and

100 nm.

attributed to the high refractive index of ZnO. Thus, it has been computationally confirmed

that replacing Cu20 with ZnO and Au with Cu could improve both the quality of the

structural colors and fabrication cost.
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Figure 4-15 Angular dependencies of the reflectances for each design.

4.9 Experimental procedures for ZnO electroplating and Cu electroless plating

The reaction of ZnO electroplating is expressed by the following equations

1
Zn** +-0; +2e” > Zn0,  Eg = 0.93 V/NHE (4.9.1)

Zn%* + 2e” - Zn, E, = —0.76 V/NHE (4.9.2)
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The ZnO electrodeposition solution is composed of ZnCl, (which is ionized to Zn?* in the
solution) with the concentration of 5x10* M to 5x102 M and KCI with the concentration of
0.1 M. The previous study on ZnO electrodeposition has reported that the surface
morphology varies depending on the concentration of Zn?*, and the deposited ZnO is
conductive only when the solution temperature is over 50 °C [49]. This is because the
deposited ZnO at the lower Zn?* concentration and temperature forms hydroxide-containing
films. Also, the higher Zn?* concentrations can deposit zinc hydroxy-chloride films resulting
in different surface morphologies [119]. This characteristic could have great potential for
structural color applications, since by changing the process conditions, both a mirror-like
surface and diffusive surface can be obtained, which expands the applications of this
technology. A schematic of ZnO electroplating is shown in Figure 4-16. It is the three-
electrode electroplating with O2 bubbling using a Pt counter electrode and a saturated calomel
reference electrode (SCE). As the starting substrate, Ti/Au with 5 nm/ 100 nm thicknesses
were deposited on Si wafers by electron beam evaporations. The electroplating solution was
placed in a water bath keeping the temperature at 60 °C, and Oz gas was bubbled in the

solution for 10 minutes before the electroplating.

Cu electroless plating was performed utilizing Pd catalytic colloids deposited on the
ZnO coated substrates using the same process described in section 4.2. The Cu electroless
plating solution is composed of 0.15 M of CuSOs, 0.30 M of KNaCsHe-4H20, 0.21 M of
NaOH, and 4.2 M of Formaldehyde. They were prepared separately and mixed before the
process. Since the deposition rate of Cu is high, the electroless plating was performed only

for 10-20 seconds.
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Figure 4-16 A schematic of ZnO electroplating.
4.10 Results and discussions

First, the deposited ZnO surface morphologies for three different concentrations: Zn?*
=5x10* M, 5x103 M, and 5x10 M were investigated by SEM as seen in Figure 4-17. The
lower concentration of Zn?* resulted in sparse ZnO pillars as the SEM image shows. Thus,
even though the ZnO film on the Au coated substrate appears transparent and flat, it is not
suitable for use in structural color applications. On the other hand, the high concentration
case where Zn?* is 5x102 M, the deposited film became very hazy, and as the SEM image
shows, the ZnO film consists of thin-film-like crystals orienting random directions. The case
that the concentration of Zn?* is 5x102 M, the ZnO film consists of dense pillar-like crystals
but the surface is flat, which gives the transparent and shiny appearance in the picture.

Therefore, this is the most suitable condition for structural color applications.

Next, in order to create the color, the top metal film was deposited. First, to confirm

that ZnO films work for this application, Au was deposited on the ZnO films with a thickness
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(a)

Zn?*5x104 M
20 min

(b)

Zn%*5x103 M
10 min

(c)

Zn%*5x102 M
20 min

Figure 4-17 Surface morphologies of the deposited ZnO with different concentrations. (a)
Zn?* = 5x10* M for 20 minutes, (b) Zn?* = 5x10° M for 10 minutes, and (c) Zn?* = 5x107?
M for 20 minutes

of 10 nm by electron beam evaporation. Figure 4-18 (a) shows two samples with the
electroplated ZnO on Au/Si with the conditions of Zn?* = 5x10° M for 10 minutes and 15
minutes, respectively. At this step, very slight colors were observed at certain angles because
of the interferences of the light in the ZnO films. Figure 4-18 (b) shows the same samples
after 10 nm of Au deposition from the top and (c) from a tilted angle. Although there are a

few different colors in the same sample, the angular independent structural colors were

observed for the two samples.

101



Then, Cu electroless plating was performed on ZnO films instead of Au deposition
by electron beam evaporation. Figure 4-19 shows the ZnO film before Cu electroless plating,
the sample after Cu electroless plating for 20 seconds, and the reference sample when Cu
electroless plating was done for 1 minute. As can be seen in Figure 4-19 (a) and (b), the
transparent ZnO film deposited on a Au/Si substrate showed the blue structural color after
Cu electroless plating for 20 seconds. Figure 4-19 (c) is a reference sample showing how the
sample looks when Cu electroless plating is performed longer. After only 1 minute, it showed

the exact Cu appearance due to the thick Cu film created on the surface.

For further understanding of ZnO electroplating, characterizations on the ZnO films
were performed. Figure 4-20 shows a cross-sectional SEM image of a ZnO film deposited
with Zn?* = 5x10° M for 15 minutes. The thickness of the ZnO film shown here is 320 nm.
Figure 4-21 is comparisons of the simulation and experimental results for the two different
colors observed on the sample. Both results match very well and it is confirmed that ZnO can
work as a dielectric layer for the Fabry-Pérot cavity structural color. However, these
thicknesses are much thicker than the expected ones used for the computational studies in the
previous section. Therefore, electroplating for shorter time was performed to obtain thinner
films aiming at ~100 nm. Figure 4-22 shows SEM images of the three different ZnO films
deposited with Zn?* = 5x10° M for 1 minute, 2 minutes, and 3.5 minutes, respectively. As
can be seen from the images, longer plating time results in denser ZnO crystals while the
thickness of the film is almost maintained. Cu electroless plating was also attempted on these
samples to obtain the structural colors. However, it turns out that the Pd colloidal solution

damages ZnO films as seen in Figure 4-23 (a) and (b). The borders observed on the surfaces
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Zn?* 5x103 M Zn?* 5x10° M
(a) 10 min 15 min

Zn0O
on
Au/Si i

(b)

After Au
deposition
top view

(c)

After Au
deposition
tilted view

Figure 4-18 Pictures of created structural colors. (a) ZnO films on Au/Si deposited under the
conditions of Zn?* = 5x10"3 M for 10 minutes and 15 minutes, respectively. (b) After 10 nm
Au deposition from the top and (c) from the tilted angle.

Zn0 Cu (20sec)
(Zn?* 5x102 M for 10 min)

A C 1in)

Figure 4-19 Pictures of samples coated with electroless plated Cu. (a) A ZnO film deposited
on Au/Si with Zn?* = 5x10" M for 10 minutes, and (b) after Cu electroless plating was done
20 seconds. (c) A sample coated with Cu by electroless plating for 1 minute.
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Figure 4-20 A cross-sectional SEM image of a ZnO film deposited by Zn?* = 5x10° M for
15 minutes.
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Figure 4-21 Comparisons of the simulations and measurements for two different colors.

of the ZnO deposited samples indicate the surface level of the solution while ZnO was
electroplated. However, after the Pd colloid deposition process, these borders disappeared,
which implies the ZnO films were dissolved. Since the Pd colloidal solution is acidic, the
most plausible reason for this is that the ZnO films are dissolved fast enough when the ZnO

crystal density is low. When 15 nm Au films were deposited by electron beam evaporation

104



Cross
section:==_

Figure 4-22 SEM images of ZnO films deposited by Zn?* = 5x10 M for 1 minute, 2
minutes, and 3.5 minutes, respectively.
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Figure 4-23 ZnO films deposited for 1 minute, 2 minutes, and 3.5 minutes.
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instead of Cu electroless plating, all three samples showed bright structural colors as shown
in Figure 4-23 (c). The color differences in the same sample are due to the nonuniform ZnO

thicknesses resulting from the temperature gradient in the solution.
4.11 Summary

In this thesis, a new design for Fabry-Pérot structural colors replacing Cu20 and Au
with ZnO and Cu has been proposed. The new design improves the color quality and reduces
the fabrication cost, owed to the plainness of the process and inexpensive materials. Its
reflection spectra and angular dependency were computationally shown, as well as
experimental results on the new design. The experimental results also displayed structural

colors, however, there are still some issues to be resolved.

We discovered that it is challenging to electroplate ZnO that is less than 100 nm thick
with high density. In the first several minutes, electroplating of ZnO increases the density of
ZnO crystals rather than increases the thickness of the film. As introduced in the previous
section, ZnO film deposited with Zn?* = 5x10° M for 15 minutes resulted in a dense film
that was 320 nm thick. Figure 4-23 shows the simulations for two different ZnO thicknesses:
Cu 20 nm/ ZnO 200 nm/ Au 100 nm and Cu 20 nnm/ ZnO 320 nm/Au 100nm. Although they
still have high contrasts in the reflection spectra and are expected to show colors, the angular
independencies will not be obtained since the thick ZnO films create constructive and
destructive interferences for the multiple orders. This could be used for another application,

the angular dependent color, which changes its colors depending on the viewing angle.
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CHAPTER 5

Conclusions and future work

5.1 Conclusions

This thesis discusses three different nanofabrication technologies that have shown
advantages in fabrication cost compared to current technologies. First, we introduced new
materials for thermal and UV nanoimprint lithography to improve the master mold quality,
replication very fine patterns, and the productivity of the process. A newly developed
technique based on metal transfer assisted nanolithography was also introduced to expand
the material compatibility and ability for a large area patterning. When SU-8 is employed,
the process can be used to fabricate electric devises directly on various substrates, while the
original process which uses the transferred patterns as etching masks remains applicable in

the case that KMPR is used.

Secondly, the new approach to increase the patternable size and productivity of
plasmonic lithography was proposed. Based on our previous work employing epsilon-near-
zero hyperbolic metamaterials (ENZ HMMSs) and a photo roller system, a large photomask
for plasmonic lithography which can keep the resolution sub-100 nm was discussed both
computationally and experimentally. The most challenging process, the photomask
fabrication, was successfully overcome by employing the modified metal transfer assisted

nanolithography introduced in Chapter 2. An optical setup for large area exposure with
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uniform intensity was also introduced. Although the system using ENZ HMMs is pressure
sensitive, experimental work on the new plasmonic lithography has been successful. The sub-
diffraction limit patterns whose period is 128 nm while using the 442 nm light source was

obtained in the photoresist layer as a result.

Lastly, chapter 4 discussed low-cost material deposition technologies, electroplating
and electroless plating, for nanotechnology applications. Although these technologies have a
long-standing history, there has been a lack of studies on applications to optics/photonics
technologies. In this thesis, electroless plating of Pt utilizing Pd colloidal catalysts were
employed to create thin coatings on porous substrates for the broadband light absorber
applications. Both computational and experimental studies have shown excellent absorption
in the wide wavelength range (300-2400 nm) as well as improved the fabrication cost by
using wet chemical processes. For structural color applications, electroplating of ZnO and
electroless plating of Cu were introduced to replace Cu2O and Au in the previous work.
Computations on the new design have shown promising results which improve the color
quality and reduce process complexity. Although further study is required to put the new
process into practice, the performance of the new design successfully shows potential

solutions for many challenges in the industry.

5.2 Future work of metal transfer assisted nanolithography

As described in Chapter 2, the transfer printing technology is a strong method that
can fabricate the whole device, from the stamp to substrate. In this thesis, only Au/Ti and Al

thin films were employed as the transferred metal layers, but further study on more complex
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structures such as multilayer stacks of various films, oxide metal layers, and arbitrary patterns

are highly desirable.

The period of the transferred gratings can be changed by stretching the substrate when
a low modulus substrate is used. Similar experimental work has shown that when the
substrate was stretched after the gratings were fabricated on it, the period of the gratings were
expanded [120]. This technique can be applied in the opposite way by first stretching the
substrate and transferring the gratings while the substrate is stretched. It is thought that the
recovered substrate shrinks the grating period. This technique could be used to fabricate very

fine patterns which are difficult to fabricate by photolithography.

5.3 Future work of plasmonic lithography

In chapter 3, plasmonic lithography for one dimensional gratings fabrication was
discussed, but plasmonic interference lithography can be applied to two dimensional
patterning as well. Figure 5-1 shows a schematic of the photomask design for two
dimensional periodic patterning and its simulated result. The photomask design is almost
same as the one dimensional case, except that it has two dimensional periodic Al squares
instead of one dimensional gratings, and the electric field needs to be diagonal to the square
as indicated by the red arrow. This polarization is simple to obtain by using a laser with
circular polarization and tilting the polarizer 45°. The technologies required to implement
this experiment are essentially the same as the ones previously mentioned, highlighting the
potential for plasmonic lithography technology to be used in wider applications e.g. moth-

eye films [121,122].
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Figure 5-1 (a) A schematic of the photomask design for two dimensional patterning by
plasmonic lithography, and (b) the top-view of the simulated |E|? in the photoresist layer.

In order to improve the sensitivity to the applied pressure discussed in this thesis,
replacing the PET film with a flexible glass is a promising solution, as the flexible glass
hasmuch higher modulus while also having high transparency and flexibility. Additionally,
the planarization by a SU-8 layer and the SiO. etching stopper layer are not required when a

flexible glass is employed, which makes the fabrication process simpler.

5.4 Future work of electrodeposition for broadband light absorbers and structural

colors

Pt was used for the thin metal coating on AAO membranes in this thesis. However,
according to our simulations, various other metals also show very high absorptance. Pt can
be a good candidate where the stability of the devise is required e.g. solar
desalination [96,123-125] and it is very useful to measure the performance as a solar

desalination device. However, for general applications such as a broadband light absorber,
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low-cost materials are preferred for the thin film coating. Cu and Ni in particular show very
high absorptances during simulations, as shown in Figure 4-10. They are significantly less

expensive than Pt, and thus, further
experimental studies employing different metals are desired.

To further increase the absorptance of the device, employing V-shape AAO
membranes appears to be a promising approach. Not only vertical through holes but also
tapering holes, which look like V-shape in cross section, are possible for AAO membrane
fabrications. According to the reference [45], such structures can show even higher
absorptances comparing with the non-tapered through holes. This kind of AAO membrane is

also commercially available, and the material deposition process is compatible.

As for the structural color work using ZnO as a dielectric layer, one of the most
promising approaches to improve is to first deposit a thick ZnO film (e.g. 300 nm) and then
to etch it below100 nm thickness using an acid solution. It is possible that the surface
morphology changes by wet etching, which results in a hazy appearance, but it is very simple
and easy to implement. Another idea is to modify the electroplating process to enable thinner
film deposition with a high density. A study on ZnO electroplating using a different chemical
has been reported by T. Pauporté and D. Lincot [50]. Zn(ClOa4)2 and LiCIO4 were employed
instead of ZnCl, and KCI in their study. Figure 5-2 shows SEM images of the electroplated
ZnO films deposited with Zn(ClO4), = 5x10° M and LiClOs = 0.1 M for (a) 2 minutes and

(b) 5 minutes, respectively. As can be seen in the SEM image, a very dense ZnO film was
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Zn(ClO,), = 5x10° M for 2 minutes  Zn(ClO,), = 5x10 M for 5 minutes

Top view Cross-sectional view

Figure 5-2 SEM images of the ZnO films deposited by Zn(ClO4), = 5x10° M and LiClO4 =
0.1 M. (a) A top view of the film deposited for 2 minutes and (b) a cross-sectional view of
the film deposited for 5 minutes.

(a) Cu 20 nm/zn0 200 nm/ Au 100nm (b) Cu 20 nm/zn0 320 nm/ Au 100nm
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Figure 5-3 Simulation results of reflection spectra for thick ZnO films. (a) Cu 20 nm/ZnO
200 nm/Au 100nm and (b) Cu 20 nm/ZnO 320 nm/Au 100 nm.
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deposited on the substrate in just 2 minutes, and the deposition rate calculated for this process
Is about 20-30 nm/minutes. Therefore, the ability of electroplating a dense film with sub-100
nm thickness has been shown. However, the surface of the film is rougher than the one
deposited using ZnCl, and KCI. Further studies modifying these conditions to get a smoother

surface is required in order to put this new design into practice.

Another approach to overcome this challenge is to employ pulsed electroplating to
deposit a ZnO film. This process uses two different applied potentials. Generally, one of
themis for depositing a material and the other is for reducing the material to ions, which can
contribute to engineer the surface morphology, deposition rate, and thickness of the film.
There have been several works using pulsed electroplating for ZnO depositions which show
that the applied potential can drastically change the surface morphology while maintaining

the other conditions [126-129].

Another point which can be improved upon is the nonuniformity of the electroplated
ZnO. Since over 50 °C is required for this process to obtain a conductive ZnO film, the
solution is heated during the process. However, the solution temperature also changes the
deposition rate in electroplating, which results in nonuniform film deposition. Although a
water bath on a hotplate was used during this work, it was not sufficient to maintain the
solution temperature uniformly. One potential solution to this would be to introduce a more
sophisticated tool, such as a thermostat chamber, for the better uniformity. Otherwise, simply
performing electroplating at room temperature could also solve the issue. Although the ZnO

film deposited at room temperature is not conductive, this is generally not an issue, as the
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required thickness for structural color applications is sub-100 nm and Cu electroless plating
for the top metal layer does not require conductivity for the substrate. Further studies on ZnO
electroplating are necessary, but this technology shows great potential to replace and resolve

issues with the former design of structural colors and conventional paint technologies.

Other oxide materials with high refractive indices are also of interest. In this thesis,
only ZnO was discussed for the dielectric layer because it has a comparably high refractive
index and is transparent in the visible wavelength, electroplatable, and conductive. However,
when the top metal layer is deposited by electroless plating, conductivity is not required for
the dielectric layer. In this case, the material choices are expanded, and many oxide metals
become great candidates. For example, TiO is known as a high refractive index material and
can be electroplated [130-133]. Although an annealing process at 400°C is required to obtain
a high quality TiO> film, the thickness controllability for thin film depositions is very high
according to the reference [132], which is suitable for fabricating three different colors.

Therefore, TiO2 may be another promising candidate for structural color filers.
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